Connecting the study of wild influenza with the potential for pandemic disease by Runstadler, Jonathan et al.
Connecting the study of wild influenza with the potential for
pandemic disease
Jonathan Runstadler, Nichola Hill1, Islam T.M. Hussein1, Wendy Puryear1, and Mandy
Keogh2
1Massachusetts Institute of Technology, Cambridge, MA
2Mystic Aquarium, a division of Sea Research Foundation, Mystic, CT
Abstract
Continuing outbreaks of pathogenic (H5N1) and pandemic (SOIVH1N1) influenza have underscored
the need to understand the origin, characteristics, and evolution of novel influenza A virus (IAV)
variants that pose a threat to human health. In the last 4–5 years, focus has been placed on the
organization of large-scale surveillance programs to examine the phylogenetics of avian influenza
virus (AIV) and host-virus relationships in domestic and wild animals. Here we review the current
gaps in wild animal and environmental surveillance and the current understanding of genetic
signatures in potentially pandemic strains.
1. Introduction
Nearly twenty years ago, in his landmark review of influenza, Rob Webster pointed out the
probability that birds may serve as a source of all influenza A viruses (IAV) that become
endemic in other species (1992). The emergence and maintenance of H5N1 lineages in wild
and domestic birds and the 2009 novel pandemic strain of H1N1 virus with avian origins in
humans have reinforced this view, yet shown the origin of epidemic virus to be complicated
(Neumann et al., 2009; Shortridge et al., 1998). In many respects, recent influenza events
emphasize the importance of understanding the ecology and evolution of IAV in wild animal
vectors and viral reservoir species (Fouchier and Munster, 2009; Melville and Shortridge,
2006; Munster et al., 2007; Normile, 2006). Here, we review the recent literature in influenza
with an emphasis on understanding i) how surveillance research in wild animals and the
environment can benefit public health and ii) on how knowledge of the molecular determinants
important in influenza evolution in wild species can inform pandemic preparedness.
Influenza viruses are normally classified by the antigenic properties of their highly variable
major surface proteins, hemagglutinin (HA) and neuraminidase (NA). These two proteins are
the primary targets of protective immunity in the host. Seventeen subtypes of hemagglutinin
(HA: H1–H17) and 9 subtypes of neuramindase (NA: N1–N9) are described and all but one
(H17 in bats (Tong et al., 2012)) and nearly all combinations have been isolated from wild
birds (Olsen et al., 2006; Webster et al., 1992) although some more frequently than others. The
influenza HA mediates viral binding to host cells and delivery of the viral genome into the cell
cytoplasm while the NA assists in viral exit by cutting sialic acid ties to the host cell membrane.
The viral genome of eight single-stranded negative sense RNA segments encodes 10+ proteins
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depending on the strain. In addition to the HA and NA, three proteins form the polymerase
complex (PB1, PB2, and PA) and bind the RNA segments with nucleoprotein (NP); matrix
(M) and matrix 2 (M2) comprise the protein coat of the virus; and the non-structural (NS) and
nuclear export protein (NEP) interact with cellular proteins and processes to assist viral
replication and exit and avoid the host immune response. Several additional proteins have been
identified in the PB1 and PA segments that are variably present through alternative
transcriptional open reading frames, splicing, or secondary start codons. These include PB1-
F2 and a suite of recently discovered PA forms (Jagger et al., 2012; Muramoto et al., 2012),
all of which seem to impact virulence of infection and which demand further study.
Since the emergence of a highly pathogenic form of H5N1 avian influenza from a domestic
goose in 1997, and its subsequent transmission to humans (de Jong et al., 1997), birds have
received increased attention as the source of all natural IAV variants. On rare occasions, the
highly pathogenic forms of IAV have been reported in wild birds -the first outbreak with
mortality in wild birds being identified as an H5N3 influenza strain in common terns of South
Africa in 1961 (Becker, 1966). However, retrospective analysis has identified avian origins for
all segments of human pandemic viruses. This includes the “Spanish flu” of 1918, an H1N1
strain that was perhaps one of the greatest natural disasters in human history and is estimated
to have contributed to the death of over 50 million people worldwide. Subsequent pandemic
viruses though less severe have had enormous impact on human health and include an H2N2
virus in 1957, an H3N2 virus in 1968, and the pH1N1 virus, now endemic, in 2009. Each of
these strains resulted from the reassortment of contemporary human strains with viruses
derived from birds, but probably delivered through infection of an intermediate host such as
the pig. Whether the 1918 virus moved into humans directly from an avian host is controversial.
Regardless, the avian origin of all these viruses has spurred research into the avian host in
hopes of understanding the characteristics and predictability of pandemic strains at their root.
Domestic and wild birds have been implicated as key agents for interspecies transmission to
mammalian hosts of diverse taxa including whales, seals, pigs, horses, and also humans (Claas
et al., 1998; Mandler et al., 1990; Reperant et al., 2009; Zhou et al., 2009). Phylogenetic analysis
has even revealed that some gene segments belonging to previous human pandemic strains are
still circulating in wild bird reservoirs. The NA genes of some H9N2 viruses isolated from
migratory ducks in Hokkaido, Japan, clustered with those of H3N2 viruses responsible for
causing the human pandemic of 1968 (Liu et al., 2003). Moreover, it has been speculated that
the 3 parents of the triple reassortant virus that caused the 2009 H1N1 pandemic may have
been assembled in one place by migratory birds (Gibbs et al., 2009). As such, increasing
emphasis is now placed on understanding the evolution and molecular determinants of novel
and pathogenic forms of influenza that originate from the IAV in birds.
Surveillance research in wild birds holds the promise of informing public health preparedness
for pandemic and seasonal influenza. Field surveillance studies to detect avian influenza
viruses (AIV) in animal vectors was organized in the early 1970’s, culminating with detection
of influenza virus from the cloacal swabs of wild ducks (Slemons et al., 1974). Into the 1990’s,
research in the bird host centred on describing the viral natural history and its maintenance in
waterfowl hosts. In response to the threat of Asian origin H5N1, sampling efforts have
increased by an order of magnitude or more in the last 5 years, particularly in the U.S. and
mainland China (Butler, 2012). These efforts have begun to tie the viral natural history and
studies on viral evolution to the potential for generating novel pandemic viral strains. What is
clear from past work is that the evolution and natural history of the virus is highly dependent
on the epizootiology of infection in the avian host. It is hoped that understanding the virus in
reservoir species such as gulls and ducks may help refine viral surveillance and identify unique
virus for further study. However, large biases exist in the geographic distribution of sampling
sites and most countries still have little or no organized surveillance. Countries where H5N1
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is endemic, including Egypt, India, Bangladesh, Viet Nam and Indonesia often suffer from a
lack of capacity to diagnose and characterize viruses in-country. These gaps in viral
surveillance in the wild, the focus of the first half of this review, will need to be addressed to
make the most of current surveillance research efforts.
Viruses that come out of surveillance work in wild animals is also enabling laboratory based
studies to clarify the molecular determinants of interspecies transmission, virulence and
pathogenicity, the focus of the second half of our review. Experimental work with potentially
troublesome virus or viral segments before they become a problem, should enable the
development of broadly or specific protective vaccines and therapeutics for intervention before
a pandemic is started. Influenza is unique in some respects in that one or a combination of three
mechanisms – point mutation, segment reassortment, or, less commonly, recombination may
generate genomic diversity. While recombination events do not seem to occur frequently,
(Boni et al., 2008; Hirst et al., 2004; Pasick et al., 2009, 2005) their impact could be large and
deserves further study. High rates of mutation are produced by the viral RNA polymerase,
which lacks proofreading ability during transcription of the genome. In essence, mutation
renders the host infected with a population of similar viruses with varying levels of fitness in
the given host. Selection of novel variants that possess enhanced fitness is responsible for drift
in viral strains. Unfortunately, only consensus strain sequence is commonly reported so the
importance and dynamics of variants in the host are poorly understood. This is one major gap
that needs to be addressed. However, what seems to prove the biggest challenge for human
health and a result of interspecies transmission is the ability for co-infecting viruses to swap
segments (reassortment), producing novel strains that are antigenically distant from the original
(i.e. – novel combinations of HA and NA as well as internal segments). This process allows
the virus to ‘sidestep’ the immune system of the host and spread through populations (Webby
and Webster, 2001; Webster et al., 1992). While some subtypes contain strains that are partially
cross seroreactive, the HA sequence of influenza may differ by over 30% at the amino acid
level and show limited cross reactivity in serological assays (Alexander, 2000; Dugan et al.,
2008). As reassortment goes, viruses in pigs may be a major reservoir of human emergent
strains because of the potential to mix with human subtypes (Hass et al., 2011; Shu et al.,
1994). However, pigs may not be the only animals for which this mixing is likely to take place
(see 2.2.2 “If pigs might swim” below). Studies in many other species indicate that interspecies
transmission is relatively frequent (Capua and Alexander, 2002), but that epidemics are thought
to almost always be self-limiting because viruses are not maintained or do not become endemic
in alternative host species. The specific genetics governing host range are undoubtedly
polygenic, but may depend on the co-evolution of viral gene products with host cellular
machinery to produce a competitive virus capable of establishing infection through
transmission. The steady frequency with which this occurs in humans (Morens et al., 2010)
highlights that this is a difficult but achievable and possibly even a predictable event in nature.
Understanding this dynamic in avian and other reservoir and spillover hosts holds promise to
help define the criteria to look for in potentially pandemic virus. It is also possible that
pandemics are the result of rare events that facilitate genesis of rare viruses that are challenging
to predict. Several programs are underway to study whether IAV shows a ‘pandemic signature’,
to test these competing theories, and to understand if study of wild IAV can inform public
health risk for potential pandemic influenza. In the following sections, we explore the gaps
needing work in wild animal surveillance and highlight advances in our molecular
understanding that promises to improve public health preparedness for influenza.
2. What are we missing in influenza surveillance?
2.1 Gaps in wild bird surveillance
Field surveillance studies to detect IAV in animal vectors have been conducted for over forty
years, beginning with detection in wild ducks (Slemons et al., 1974). In response to the threat
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of Asian origin H5N1, sampling efforts increased by an order of magnitude since 2005
particularly in the U.S. and mainland China (Butler, 2012). In-depth wild bird surveillance has
helped distil key concepts in IAV ecology including the role of i) aquatic wild birds as
reservoirs, ii) migratory flyways as barriers to viral evolution, iii) young immuno-naïve birds
as the hub of the wheel in IAV circulation, iv) fecal-oral transmission as the primary
transmission route in ducks and v) warm temperatures and physico-chemical properties of
aquatic habitat in limiting IAV infectivity. Now at the conclusion of continent-scale
surveillance projects targeting wild birds (Deliberto et al., 2009; Ip et al., 2008), the questions
arise: how has understanding of IAV advanced? And are there any critical gaps in
understanding that remain?
2.1.1 Hunting for a reservoir—Many of the dogmas of IAV continue to be the guiding
principles that shape the way surveillance is conducted. Waterbirds belonging to the two orders
Anseriformes (ducks, swans, geese) and Charadriiformes (shorebirds, gulls, auks) have long
been recognized as the natural reservoirs of IAV (Webster et al., 1992) Within this ecologically
diverse group the dabbling ducks (family: Anatidae), particularly mallards (Anas
platyrhynchos) are believed to be a primary host. This notion stems from decades of field
studies in North America (Alfonso et al., 1995; Hinshaw et al., 1980; Ip et al., 2008) and Europe
(Munster et al., 2007; Wallensten et al., 2007) that report highest prevalence in mallards
compared to other sympatric bird species. The role of mallards as a robust host for IAV is
supported by experimental studies that demonstrate high titres of virus shed over extended
periods by hatch year birds that remained asymptomatic (12 days: Jourdain et al., 2010; > 7
days: Keawcharoen et al., 2008). However, ecological context is important when considering
findings from wildlife surveillance.
Mallards are the most ubiquitous waterbird species across their Holarctic distribution and are
intensively managed in North America and Europe to ensure sizeable populations for hunting
(Sedinger and Herzog, 2012). Large sample sizes are easy to obtain, especially from hunter-
killed mallards, making the logistics of sampling this species easier than any other wild bird.
Within the U.S., hunter-killed birds accounted for > 30% of all 78,300 Anatidae samples
(positive and negative) deposited in the Influenza Research Database (IRD: accessed Sep
2012). Over 70% of hunter-harvested samples were collected from only 5 species of 51
Anatidae – mallard, green-winged teal (Anas carolinensis) northern shoveler (Anas clypeata),
northern pintail (Anas acuta) and American wigeon (Anas americana), in descending order.
This estimate of hunter-harvested Anatidae samples is conservative because it does not include
the large-scale surveillance effort by the U.S. Department of Agriculture that sourced the
majority of samples (68%) from hunter-shot birds (Deliberto et al., 2009), but highlights the
dependency of surveillance on hunting as a source of inexpensive and readily-available
samples, despite biases in species as well as seasonal timing, sex and age of hunted birds
(Heitmeyer et al., 1993; Pace and Afton, 1999).
Species that are not viewed as ‘table birds’ and less sought after for consumption (i.e. northern
shoveler, gadwall, Anas strepera) or non-game species (i.e. gulls, shorebirds, passerines) may
present a challenge to obtain large sample sizes adequate for detection of IAV. Consideration
of sample size is especially critical at wintering and stop-over sites where IAV prevalence is
lower compared to breeding and fall staging grounds where prevalence reaches a peak in many
aquatic birds (Guberti et al., 2007). Careful assessment of which species are high priority for
surveillance demands a shift from opportunistic to sustained, long-term sampling plans that
consider the diversity of wild bird species and spatio-temporal variation in infection patterns
along the migratory flyway. Drawing on the expertise of ornithologists to capture non-game
species may ensure sufficient sample sizes for species that may play an important yet
undetermined role in hosting IAV strains with panzootic potential (Winker et al., 2008).
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2.1.2 Charadriiformes: migrators and mixers—The current yardstick for measuring
success of a surveillance study is detection of a large number of positive samples (Hoye et al.,
2010b). This approach has perpetuated the focus on dabbling ducks, while the role of other
water bird species in IAV ecology is overlooked. The product is a global bias towards sampling
Anseriformes that account for the majority of wild bird samples collected in North America
(78%), Europe (76%), Asia (35–58%) and Russia (47%) (Fig. 1). In contrast, sampling of
Charadriiformes - another recognized reservoir for AIV, accounts for only 3–31 % of global
surveillance efforts (Fig. 1). This sampling bias has led to over-representation of viral subtypes
associated with ducks in surveillance and genomic data, including the ubiquitous H3N8 and
H4N6. Virus pools of Anseriformes and Charadriiformes have long been recognised as distinct
(Kawaoka et al., 1988; Sharp et al., 1993). Overlap occurs with promiscuous subtypes (H3,
H6, H7), however the circulation of H9, H13 and H16 is generally limited to Charadriiformes
(Krauss et al., 2004; Krauss and Webster, 2010). Uncovering the full viral diversity hosted by
the wild bird reservoir, including Charadriiformes represents a more effective strategy for
detecting influenza precursors with capacity to switch hosts and seed a human pandemic.
Charadriiformes possess host traits that favour transmission, dispersal and hemispheric mixing
of IAV suggesting they play a uniquely different role in the ecology of IAV compared to ducks
(Gaidet et al., 2012). Shorebirds are highly gregarious along their migratory cycle and are true
long-distance migrants connecting the northern and southern hemispheres (Gill Jr et al.,
2009). This combination of host factors provides a mechanism for hemispheric reassortment
of IAV and the movement of novel lineages that displace locally circulating strains. This is
consistent with the higher frequency of hemispheric reassortment observed in IAV from
shorebirds and gulls compared to other water bird hosts (Bahl et al., 2009; Dugan et al.,
2008; Ramey et al., 2010; Widjaja et al., 2004). A growing number of studies have shown that
the internal genes of virus isolated from Charadriformes in North America are of Eurasian
origin, a pattern observed along the Pacific (Ramey et al., 2010; Wille et al., 2011a) and Atlantic
coasts (Wille et al., 2011b) suggesting that wild birds belonging to this order are primary
candidates for introduction of hemispheric reassortant virus. Enhanced surveillance of
shorebirds and gulls may facilitate early detection of IAV strains imported from regions where
highly pathogenic IAV is endemic or the incursion of novel segments into the endemic viral
population.
A complete understanding of the global movements of IAV requires that Charadriiformes be
incorporated into surveillance programs. Specifically, longer-term studies need to be
established to compliment the site at Delaware Bay, U.S. that has yielded the bulk of virus
samples from shorebirds, primarily from the narrow window of spring migration (Krauss et
al., 2004; Krauss and Webster, 2010). Comprehensive sampling of Charadriiformes will
necessitate greater international collaboration to target sites where migratory flyways overlap,
allowing hemispheric reassortants to be more readily detected. Surveillance has thus far been
North America- and Europe-centric (Butler, 2012) and rarely incorporates sampling sites in
Eurasia despite the fact that breeding populations of migratory birds often span both
hemispheres at northern latitudes (i.e. Beringian region, Arctic Russia). Long-standing political
divides, the remoteness of sampling sites and lack of in-country diagnostic laboratories presents
a challenge for conducting surveillance in Africa, the Middle East, Russia, South America and
Asia, however researchers are increasingly making inroads (Fereidouni et al., 2010; Gaidet et
al., 2012; Shestopalov et al., 2006). A commitment to capacity building and a mutual resolve
to understand avian influenza dynamics across international boundaries may help to address
this geographic bias.
2.1.3 Host ecology and migration—The influence of host ecology, behaviour and
migration on transmission represents a large knowledge gap in our understanding of IAV in
part because virology and ecology remain two disparate fields that rarely overlap during the
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investigation of IAV in wild birds. Phylogeographic studies have distilled key concepts
including the generalized pattern of gene flow from north to south along migratory flyways
(Lam et al., 2012; Pearce et al., 2009) and relative separation of North American and Eurasian
virus pools (Pearce et al., 2010; Ramey et al., 2011) despite evidence of migratory connectivity
of wild birds between hemispheres (Flint et al., 2009; Winker and Gibson, 2010). Studies of
virus evolution that rely on analysis of publically-available sequences can advance our broad
understanding of IAV dynamics (Bahl et al., 2009; Lam et al., 2012) but mechanisms that drive
virus gene flow in wild birds remain elusive without consideration of host ecological
‘metadata’. However, tracking migratory animals can present a logistical and financial
roadblock for studies that seek to investigate how host behaviour can promote or prevent
transmission of pathogens (Altizer et al., 2011). Use of markers including ring-bands or more
recent technology including satellite transmitters, geolocaters and stable isotope analysis of
body tissues offers prospects for identifying the migratory behaviour and geographic origin of
hosts if integrated with traditional surveillance.
Migration is common among wild birds from seasonal habitats; however there is variation in
the propensity to migrate. Among the same species a continuum of migration strategies can
exist with residency and long-distance migration on either ends of the spectrum (Alerstam et
al., 2003). The effect of migration strategy on IAV dynamics has only recently been explored
in detail, facilitated by the use of stable isotopes (Gunnarsson et al., 2012; Hill et al., 2012a)
and trace element profiles (Fries et al., In press) in flight feathers. Using stable isotopes to
identify the breeding origin of mallards, virus detected in resident mallards during winter in
California became the predominant IAV circulating in locally-breeding mallards in summer,
supporting the view that residents act as reservoirs (Hill et al., 2012a). In contrast, migrants
introduced virus from northern breeding grounds including Alaska, but circulation of imported
virus appeared to be limited. Virological studies have identified wild bird-mediated dispersal
as the mechanism for the spread of Eurasian lineage HA subtypes along the Pacific Flyway
resulting in an outbreak of H6N2 in poultry in California (Bahl et al., 2009; zu Dohna et al.,
2009). A more nuanced understanding of the migration strategies of host species is key for
predicting gene flow patterns and the introduction of Eurasian origin virus into agricultural
regions that support farming of pigs or poultry.
The ability of migratory birds to spread IAV, particularly highly pathogenic subtypes, has been
a divisive topic among researchers with evidence both for (Gaidet et al., 2008; Saad et al.,
2007) and against (Gauthier-Clerc et al., 2007; van Gils et al., 2007). Central to this question
is an understanding of how far birds can migrate before symptoms impact flight performance.
Using satellite telemetry, the potential for 19 species of wild birds from Asia, Africa and Europe
to spread HPAI was recently assessed by Gaidet et al (2010). Comparison of dispersal rates
showed that the common teal (Anas crecca) had greatest potential to carry HPAI over 500km
during the asymptomatic period of infection, yet the likelihood of this event was restricted to
5–15 days during spring or fall migration. Furthermore, co-mingling of satellite-tracked wild
birds with domestic ducks - that can act as a reservoir for HPAI, days prior to migration was
a predictor of wild bird outbreaks along the Central Asian Flyway between 2005–2010
(Newman et al., 2012). These studies highlight that dispersive potential is species-dependent,
governed by flight performance, host pathobiology, virulence of IAV strains and spatio-
temporal overlap with reservoir hosts. A shift to residency in some animal populations triggered
by mild temperatures or dependency on agriculture or human resources may promote local
circulation of more virulent strains (Altizer et al., 2011). The correlation between migration
strategy of the host and virulence of transported pathogens is understudied in wild birds and
warrants investigation in view of implications for IAV under climate change scenarios.
2.1.5 Host immunity—Surveillance programs place an emphasis on collection of virus,
while the host response to infection is often overlooked. Production of antibodies to limit and
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overcome infection of IAV is central to the adaptive immune response in birds and should be
incorporated into surveillance efforts to identify which species are involved in IAV circulation.
Patterns of higher sero-prevalence relative to virus prevalence have been observed across many
wild bird taxa, including geese (Hoye et al., 2010a), gulls (Toennessen et al., 2011) and ducks
(De Marco et al., 2005, 2003). Investment in antibodies is a common strategy in the protection
against IAV and partly explains the seasonal pattern of infection in waterbirds. Virus
prevalence peaks after the breeding season in ducks, reflecting a build-up of young, immuno-
naïve ducks in summer (Guberti et al., 2007; Hinshaw et al., 1985). Juvenile ducks are also the
primary hosts at wintering sites (Ferro et al., 2010; Hill et al., 2012b) suggesting that exposure
to novel strains occurs at both ends of the migratory flyway, a burden on the developing immune
system of young birds. Despite collective evidence that immunity in juveniles drives the
epidemic curve of IAV in nature, surveillance programs rarely place value on collection of
paired swabs and serum from wild birds that may both inform and predict viral dynamics.
A neglected aspect that is likely to impact the scale and timing of infection among young birds
on the breeding grounds is maternal antibody (MatAb) transfer. Ducklings or chicks may gain
protection from influenza by MatAb, primarily class IgY, passed through the egg yolk (Liu
and Higgins, 1990). Persistence of MatAb varies markedly from 3 to 40 days depending on
life-history strategy and may directly correlate with length of incubation in birds (Lee et al.,
2008; Tella et al., 2002). In common quail (Coturnix coturnix) MatAb wane at 15 days, however
in the longer-lived Cory’s shearwater (Calonectris diomedea) – a seabird that lays a single egg
with a long incubation time, MatAb were still detectable in chicks at 30–40 days of age (Garnier
et al., 2012). Under this hypothesis, long-lived birds such as seabirds are expected to produce
longer lasting MatAb affording greater protection to juveniles. Maternal antibodies that provide
immunity against IAV have been identified in gull eggs (Hammouda et al., 2011; Pearce-Duvet
et al., 2009) but have not been investigated in other reservoir species. Waning immunity due
to catabolism of MatAb may be responsible for the peak in IAV prevalence observed in
ducklings weeks after they have left the nest and become flight capable. Further field and
laboratory studies should be directed at understanding how characteristics of MatAb including
temporal persistence and cross-protection may play a critical but unrecognized role in
governing infection dynamics in juveniles and viral evolution across a range of reservoir
species. Better understanding of MatAb dynamics may also help researchers to characterize
the epidemic curve in wild birds and identify where and when to target surveillance efforts.
Antibody-mediated immunity is thought to drive antigenic evolution of avian influenza in
humans (Ferguson et al., 2003) and wild birds (Dugan et al., 2008). However evidence for a
causal relationship between antibody production and virus evolution in wild birds has never
been conclusively drawn. The 26-year study by Krauss et al. (2004) has contributed towards
understanding the temporal pattern of subtype turnover in wild birds. Yet our knowledge of
virus evolution remains incomplete without understanding how the immune system acts as a
selection pressure constantly modifying the virus pool in wild birds. MatAb confer protection
against strains infecting the mother from prior seasons, while acquired immunity acts against
currently circulating strains. No study has investigated the relationship between antibodies that
develop in juveniles and the fate of targeted subtypes in subsequent seasons. Widely distributed
subtypes in ducks; H3N8 and H4N6, predominate from year-to-year and are expected to evade
the immune response of the host owing to antigenic drift, much like H1, H2 and H3 in human
populations. Assessing rates of antigenic drift among H3N8 and H4N6 in wild birds may reveal
the immunologic and genetic hallmarks of virus that have heightened fitness in the wild bird
reservoir. Implications of evading host immunity include widespread and persistent circulation
in wild birds and ultimately a heightened chance of spillover to non-reservoir species.
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2.2 Gaps in wild mammal surveillance
2.2.1 Synanthropic mammals—Mammals closely associated with human settlement may
represent a pathway for interspecies virus transmission and adaptation. More broadly, the
increasing interface between animals and humans has led to emergence of infectious disease
on a global scale (Daszak et al., 2000; Lebarbenchon et al., 2008). Emergence of highly
pathogenic IAV is no exception, with the evolution of H5N1 facilitated by co-mingling of wild
and domestic ducks on rice paddies (Gilbert et al., 2008; Hulse-Post et al., 2005) followed by
spillover to humans involved in the market chain (Martin et al., 2011). Agricultural practices
in Asia have been identified as critical to the spread of influenza; however other human
activities that diminish barriers between host species are often overlooked by surveillance
programs. Study of synanthropic wild mammals is a critical gap in our knowledge of how IAV
evolves to exploit novel hosts brought into close contact with avian reservoir species. Isolation
of a novel lineage of IAV from little yellow-shouldered bats (Sturnira lilium) resulting in
designation of an H17 subtype highlights that wild mammals can act as a reservoir with the
potential for spillover to sympatric domestic and agricultural animals (Tong et al., 2012).
Investigation is needed to clarify which genetic markers and host combinations allow influenza
to jump the species barrier, triggered by close contact between birds and mammals.
Recent interest in free-ranging mammalian hosts has demonstrated that a larger than expected
number of wild species are competent hosts for IAV. Wild house mice (Mus musculus) sampled
after an outbreak of low pathogenic H5N8 at a game bird breeding facility tested sero-positive
to IAV (Shriner et al., 2012). The possibility of spillover from migratory ducks sighted at the
facility prompted the authors to experimentally infect house mice with mallard-origin IAV and
demonstrate that replication occurs efficiently without adaptation of the virus to a mammalian
host (Shriner et al., 2012). The ability of IAV to cross the species barrier and replicate in
mammals without adaptation has also been demonstrated in ferrets experimentally infected
with H1N9 and H6N1 (Driskell et al., 2012). Neither virus subtype showed an affinity for
α-2,6 linked sialic acid (SA) receptors suggesting limited selection for mammalian adaptation
in the laboratory setting. These cases highlight the relative ease with which IAV circulating in
wild birds may spread among sympatric mammalian populations, however natural infections
have rarely been documented. Pikas (Ochotona curzoniae) represent one of the few free-
ranging mammals naturally-infected by IAV (highly pathogenic H5N1) circulating among
migratory waterfowl at Qinghai Lake, China (Zhou et al., 2009). Lack of diseased or dead
mammals at outbreak sites (pikas: Zhou et al., 2009) or limited clinical symptoms in
experimentally infected mammals, depending on subtype (mice: Driskell et al., 2010; ferrets:
Driskell et al., 2012; Hinshaw et al., 1981) may mask infection and contribute to a low rate of
detection in wild mammals.
Co-ordinated sampling of wild birds and mammals may shed light on mechanisms that allow
influenza to overcome the host barrier in nature, including which subtypes and host
combinations are conducive to spillover. Species with abundant urban populations such as
raccoons (Procyon lotor), European rabbits (Oryctolagus cuniculus) or bats that have the
potential to interact with wild birds are a prime candidate. Raccoons sero-surveyed for IAV
have shown exposure to subtypes commonly circulating in wild water birds (H1, H3, H4 and
H10: Hall et al., 2008) and poultry (H5N1: Horimoto et al., 2011) providing evidence of
interspecies transmission. Synanthropic rodents and bats are targets for surveillance by public
health agencies because of the need to curb zoonotic transmission of mammal-borne pathogens,
most notably hantavirus in rodents (Phan et al., 2011) and lyssaviruses in bats (Kuzmin et al.,
2012). Trapping and abatement programs led by government agencies may be a source of a
large number of samples from areas with concentrated human populations (i.e. urban and
recreational parks). Expanding sampling of free-ranging mammals in conjunction with existing
public health surveillance is imperative to monitor spread of AIV in view of how readily
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interspecies transmission can occur when avian and mammalian populations overlap.
Synanthropic mammals may be at highest risk of co-infection from avian and mammalian
strains of influenza providing conditions suitable for reassortment in nature.
2.2.2 If pigs might swim: marine mammals as mixing vessels—Marine mammals
are a particularly interesting and phylogenetically diverse group whose members comprise
multiple lineages which underwent numerous independent re-invasions of the seas and rely on
the marine environment for food. Marine mammals are globally distributed and found in nearly
all coastal waterways and shorelines. The coastal environment provides an interface between
marine and terrestrial habitats where avian reservoirs of influenza collide (sea ducks, gulls,
and shorebirds) and overlap spatio-temporally with marine mammals, providing an opportunity
for interspecies transmission of IAV. In general pinnipeds (seals, sea lions, and fur seals) are
aggregate, seasonal breeders resulting in highly synchronized terrestrial parturition, which may
lead to heightened interactions between birds, pinnipeds, domestic animals (dogs) and humans.
Our understanding of IAV in marine mammals is predominantly from pinnipeds and has
stemmed from sampling stranded animals that have washed ashore in populated areas, bio-
monitoring of wild populations deemed to be of conservation concern, mortalities resulting
from entanglement in fishing gear, and sampling associated with subsistance hunted animals.
While previous reviews did not consider there to be strong evidence for a transmission pathway
between marine mammals and humans (Alexander and Brown, 2000), there is increasing
support of the transmission of zoonotics between marine mammals and humans (Hunt et al.,
2008; Siembieda et al., 2008; Webster, 1981; Webster et al., 1981). Several IAV isolated from
marine mammals have demonstrated a preference for infection and replication in mammalian
hosts (Hinshaw et al., 1981; Lang et al., 1981; Webster et al., 1981) including documented
infection in a technician (Webster, 1981). Further, the recently isolated H3N8 from harbor
seals (Phoca vitulina) demonstrated for the first time naturally acquired mutations that indicate
mammalian adaptations (Anthony et al., 2012). These findings highlight the importance of
IAV surveillance in wild marine mammals in which evidence of frequent transmission is
accumulating, but for which many gaps in understanding remain and may pose a public health
risk.
Since the first isolation of IAV in swine (H1N1) (Shope, 1931), it has become evident that
multiple subtypes of IAV of either avian or human descent can infect pigs (Guan et al., 1996;
Karasin et al., 2000; Peiris et al., 2001). Similar to pigs, multiple IAV have been isolated from
marine mammals (Greig, 2011; Hinshaw et al., 1986). Additionally, avian-like (H3N8, H3N3,
H4N5, H4N6, H7N7) and human influenza A (H3N2) and B viruses have been isolated from
several species of marine mammals found within the coastal environment (Anthony et al.,
2012; Blanc et al., 2009; Mandler et al., 1990; Ohishi et al., 2004, 2006, 2002; Osterhaus et
al., 2000). The susceptibility of marine mammals to infection of both avian and human
influenza viruses may, in part, be due to the type and distribution of SA receptors in tissues
including the respiratory tract. Anthony et al. (2012) reported the presence of α-2,6 linked SA
and to a lesser degree α-2,3 linked SA receptors within the respiratory track of harbor seals.
These findings are in contrast to an earlier study that found only α-2,3 linked SA receptors
present in respiratory tracks of “seals and whales” (Ito et al. 1999). Attachment of avianorigin
H7N7 was predominately found in the upper respiratory tracts of harbor and grey (Halichoerus
grypus) seals (Ramis et al., 2012) which corresponds to the distribution of α-2,3 linked SA
receptors in seals (Anthony et al., 2012; Ito et al., 1999) whereas attachment of human H3N2
influenza was observed in the bronchiolar and alveolar epithelium of harbor porpoise and to a
lesser degree in harbor seals (Ramis et al., 2012). These findings suggest that the location of
infection within the respiratory track may differ for human and avian influenza viruses in
marine mammals. Further, the observed anatomical differences between marine mammal
groups (cetacean, pinnipeds) may lead to differences in susceptibility to IAV in these mammals.
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In addition to genetic reassortment between avian and human influenza viruses, adaptation of
an AIV leading to efficient infection in a mammalian host may also lead to influenza pandemics
(Webster et al., 1992). There is evidence of such adaptation in the IAV isolated from marine
mammals. In September 2011 an unusually high number of seals were observed stranded along
the coast of New England. The mortalities were associated with an infection of avian-origin
H3N8 possessing recent mutations suggesting adaptations to the mammalian host (D701N in
PB2 and binding to α-2,6 linked SA receptors). A total of 37 amino acid substitutions
distinguished this seal H3N8 virus from other avian H3N8 viruses (Anthony et al., 2012); the
exact role of the rest of the mutations in adaptation is not yet understood. However, this was
not the first occurrence of an H3N8 virus in marine mammals. An H3N8 subtype was isolated
from one harp seal caught in fishing gear off Cape Cod between December 2005 and August
2007, with no significant pathology reported (Bogomolni et al., 2008). The H3N8 has drawn
attention to the role of marine mammals in the ecology and evolution of IAV; however, the
H3N8 virus was not the first case of IAV isolated from a marine mammal.
2.2.2.1 The long history of IA V in marine mammals: The first IAV (H1N3) isolated from
a marine mammal was from a baleen whale (family Balaenopteridae) (Lvov et al., 1978).
Shortly thereafter, a mass die off of harbor seals, impacting an estimated 20% of the population
near Cape Cod was attributed to severe pneumonia and H7N7 infection (Webster et al.,
1981). Most seals affected by the die off were young of the year, suggesting that the state or
maturity of the immune system plays a role in susceptibility to IAV. The seal H7N7 was
antigenically and genetically similar to avian H7N7 but showed greater ability to infect,
replicate and produce pneumonia in a broad range of experimentally infected mammals
compared to domestic birds (Kida et al., 1982; Lang et al., 1981; Murphy et al., 1983; Webster
et al., 1981). Infection and disease observed in seals following experimental exposure to H7N7
differed between species with harbor seals exhibiting disease similar to naturally infected seals
(Webster et al., 1981). Grey seals had no indication of infection; whereas harp seals showed
no clinical signs of disease but had pathological changes and virus recovered from some seals
with surviving seals becoming sero-positive (Geraci et al., 1984). Following the H7N7 mass
mortality, harbor, grey, hooded (Cystophora cristata) and harp (Pagophilus groenlandicus)
seals and pups were culled from eastern Canadian waters to assess the presence of IAV and
antibodies (Geraci et al., 1984). While no viruses were isolated from any seals, antibodies to
H7N7 were found in 3 adult grey seals, while the other species were sero-negative (Geraci et
al., 1984). These findings raise a number of questions about the susceptibility to IAV infection
between marine mammal species and age groups. From a public health perspective, the
observation of conjunctivitis in a person working with the experimentally infected seals may
be the most profound (Webster, 1981). Following the experimentally infected seal sneezing
on a technician, seal H7N7 was recovered from the conjunctiva, suggesting that H7N7 may be
transmitted between marine mammals and humans (Webster, 1981; Webster et al., 1981).
A second epizootic of seal pneumonia occurred from 1982 to 1983 in New England and was
associated with an H4N5 influenza virus, the first time this virus had been isolated outside of
birds (Hinshaw et al., 1984). Other subtypes including H4N6 and H3N3 have also been isolated
from seals that died of pneumonia along the Cape Cod peninsula in 1991 and 1992 (Callan et
al., 1995). Antigenic and genetic analyses showed that all genes were of avian origin (Callan
et al., 1995; Hinshaw et al., 1984; Webster et al., 1981). The repeated outbreak of pneumonia
associated with IAV of avian origin suggests transmission between avian host and seals,
highlighting the importance of surveillance studies in these populations to gain a better
understanding of interspecies transmission of IAV.
It is not surprising that much of what is known about IAV in marine mammals is based on
samples from amphibious pinnipeds. However, influenza has been isolated from stranded
cetaceans (dolphins and whales). Two influenza viruses (H13N2 and H13N9), demonstrating
Runstadler et al. Page 10
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
dual infection, were isolated from an obviously emaciated and ill pilot whale (Globicephala
melaena) stranded along the New England Coast. Phylogenetic analyses suggest the viruses
originated from gulls (Hinshaw et al., 1986) and similar to other IAV isolated from seals (Lang
et al., 1981; Webster et al., 1981), viral replication was observed in ferrets following intranasal
inoculation (Hinshaw et al., 1986). The repeated infections in marine mammals during the last
30–40 years in New England and the associated sampling and laboratory studies have been the
foundation of our understanding of IAV in marine mammals. However, the role of marine
mammals in the ecology and evolution of influenza, outside of these mass mortalities and in
other parts of the world remain limited.
2.2.2.2 Looking back to understand the present: These outbreaks in marine mammals and
their implications for public health have prompted several retrospective studies assessing the
seroprevalance of IAV antibodies. Serological evidence of exposure to avian- and human-
origin IAV have been reported in several species of marine mammals from across the globe
(Blanc et al., 2009; Ohishi et al., 2004, 2006, 2002); however, sampling effort has varied
greatly. When subtype has been determined, H3 has been most frequently reported (Table 1).
Serological evidence of exposure to IAV has also been reported in cetaceans (Dall’s porpoise,
Phocoenoides dalli and Minke whale) hunted in the Western Pacific Ocean (Ohishi et al.,
2006). The presence of antibodies in the Minke whale may be of importance as this species
performs large annual migrations (Kasamatu et al., 1995) that may provide a mechanism for
the introduction of IAV to new regions, species or individuals (Altizer et al., 2011).
Based on serological evidence, Caspian (Pusa caspica), ringed and Baikal (Pusa sibirica) seals
were exposed to human-origin H3N2 (Ohishi et al., 2004, 2002) further supporting a possible
transmission route between marine mammals and humans. Seals from Hokkaido, Japan were
sero-positive for H3 and H6 subtypes (neuraminidase was not determined) between 1998 and
2005. In all years, sero-positive seals included juveniles which the authors suggest is evidence
of sporadic infections in this population (Fujii et al., 2007). Based on this evidence, the authors
propose that seals may be a reservoir for IAV of human origin with implications for public
health.
The seroprevalence of IAV in marine mammals of the arctic has been of particular interest, in
part because this region is sensitive to climate change and also due to the reliance of subsistence
hunters on these populations. Interspecies transmission of IAV has been documented through
routes of ingestion and inhalation of aerosolized viruses in other species. Therefore, the
presence of IAV in marine mammals hunted for human consumption has a direct implication
for public health. Antibodies to influenza A have been found in many arctic species of marine
mammals including beluga (Delphinapterus leucas), ringed seal, harp seals, hooded seals, and
walrus (Odobenus rosmarus) (Calle et al., 2002; Danner and McGregor, 1998; Nielsen et al.,
2001; Stuen et al., 1994). While other species including narwhals (Monodon monoceros),
bowhead whale (Balaena mysticetus), bearded seals (Erignathus barbatus) and one population
of walruses (Calle et al., 2002, 2008; Nielsen et al., 2001) have not shown antibodies. These
studies were based on retrospective serological samples and viral isolates were not collected.
Therefore, genetic analysis could not be performed, leaving open the question of the role of
IAV in the arctic environment and its potential impact on public health.
Surprisingly antibodies to influenza B, normally a human only virus and the isolation of
influenza B virus in harbor seals has been reported (Blanc et al., 2009; Osterhaus et al.,
2000). These observations further highlight the need for systematic and prospective
surveillance of influenza in wild marine mammals. The current knowledge of influenza virus
in marine mammals has been built upon opportunistic and relatively low sampling, in part due
to logistical and permit constrains of handling and sampling marine mammals required under
the U.S. Marine Mammal Protection Act (MMPA, 1972). Therefore, prospective surveillance
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of influenza in marine mammals will require the collaboration with government agencies and
non-profits to facilitate adequate sampling in order to better understand the influence of these
mammals on the ecology and evolution of influenza viruses and the potential impacts on public
health.
2.3 The gaps in environmental surveillance
2.3.1 Environment as an intermediate “host”—The role of environmental persistence
of virus in the overall ecology of influenza is undoubtedly a critical one and likely plays a
significant role in species specificity, periodicity of infection, reassortment, and epidemic
initiations and persistence. Several modelling efforts have concluded that AIV requires an
environmental component of indirect transmission (Breban et al., 2009; Lebarbenchon et al.,
2010; Rohani et al., 2009), and mounting circumstantial evidence supports this hypothesis. In
one particularly interesting case, turkeys in Minnesota and their water sources were monitored
for AIV. The H13N2 virus, typically associated with gulls, was detected in a turkey for the
first time only after it was detected in the pond water two weeks prior (Sivanandan et al.,
1991). This led the authors to conclude that gulls likely shed virus into the pond where it
persisted and ultimately infected turkeys. Another study monitored ducks and turkeys that
shared a water habitat and found in nearly all cases, viruses detected in turkeys were first
detected in the ducks (Halvorson et al., 1983). A recent report describes an H9N2 isolated from
an egret in Dongting Lake (Wang et al., 2012a), the same subtype typically found in ducks and
chickens and isolated several years prior from the water of that same lake (Zhang et al.,
2011b). On the heels of the 2004 H5N1 epidemic, an extensive survey of H5N1 seropositive
individuals in Cambodia found that swimming or bathing in pond water were strong risk factors
for seropositive status (Vong et al., 2009). Supporting this correlation, a Vietnam woman and
a Cambodian child each contracted H5N1 with no identifiable risk factors other than swimming
in contaminated water (WHO, 2007). Further H5N1 epidemiological analyses showed a strong
correlation between minimal distance to the nearest lake or wetland and the likelihood of an
outbreak, as well as an inverse relationship between outbreaks, precipitation and bird density
(Fang et al., 2008).
Given the logistics of collecting and screening large volumes of water for virus, sampling
methodologies have not yet been refined. When large enough quantities of virus are present,
unconcentrated water can be tested with some success (Halvorson et al., 1983; Hinshaw et al.,
1979, 1980; Leung et al., 2007; Stallknecht et al., 2010). For a much more sensitive screening,
large volumes of water need to be concentrated through a number of possible mechanisms
(Heijnen and Medema, 2009; Roepke et al., 1989; Sivanandan et al., 1991) and there is concern
that the handling may destroy the influenza virus. Although the concentration of natural water
samples needs further optimization, the erythrocyte binding assay described by Roepke et al.
(1989) has become a broadly accepted means for detecting virus from water. This assay
capitalizes on HA binding to SA and uses SA expressing chicken erythrocytes to precipitate
virus out of solution. The recovered fraction can then be screened for viral RNA using RTPCR
or live virus via egg or tissue inoculation. Unfortunately, several PCR inhibitors reside in
environmental samples and therefore limit the efficiency of RTPCR, and concentration
methods can damage virus particles and therefore limit the efficiency of egg inoculations.
Coupled with the difficulties of obtaining, filtering and concentrating large volumes of water,
environmental surveillance is understandably in its infancy.
2.3.2 Virus is lurking in water and dirt—While screening has been limited, 13 of the 16
HA subtypes known to circulate in wild birds have been detected in a wide range of freshwater,
including river water, lakes and ponds, standing puddles near farms, and drinking water from
poultry cages (see Table 2 and Fig. 2). While only a small number of viruses have been
recovered in total, the geographic distribution is surprisingly large given these low numbers.
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Environmental recovery of virus has spanned multiple countries, flyways, and biomes, even
including warm, temperate regions considered to be inhospitable to virus persistence (Henaux
et al., 2012) (Fig. 3). In many cases, only viral RNA was detected (Heijnen and Medema,
2009; Henaux et al., 2012; Lang et al., 2008), either because the virus failed to grow in eggs
or the studies were not designed to test for live virus. Nonetheless, a wide representation of
live virus has been recovered from egg inoculations using both concentrated and
unconcentrated natural water sources (Halvorson et al., 1983; Hinshaw et al., 1979, 1980; Ito
et al., 1995; Leung et al., 2007; Markwell and Shortridge, 1982; Sivanandan et al., 1991;
Stallknecht et al., 2010; Zhang et al., 2011a). H2 and H8 are the only subtypes present in ducks
that have not yet been recovered from water, however both of these subtypes are rare even
within the duck population (0.9% and 0.3%, respectively) (Krauss et al., 2004), and each has
been recovered from soil. Interestingly, despite the nearly exclusive prevalence of H9–H13 in
shorebirds with only rare occurrences in ducks (Krauss et al., 2004), all of these subtypes have
been recovered from freshwater sources. The only subtypes that have not yet been isolated
from any environmental source are H14–H16, typically associated with marine birds and
detected at low prevalence even in the natural reservoir. There are currently no reports
attempting AIV detection from a marine environment.
Even fewer studies have looked at persistence and/or detection of virus in environmental
reservoirs beyond water, such as lake sediment, soil, flora and fauna. The analyses that have
been done yielded a remarkably high prevalence of virus (Fig. 2). Although Horm et al.
(2012) only looked for H5N1, a high prevalence of viral RNA was still found in environmental
samples spanning straw, dust, mud, and aquatic plants from five households in Cambodia. An
analysis of lake sediment from small Alaskan ponds heavily utilized by migratory birds found
AIV RNA in 55.6% of the samples tested (Lang et al., 2008), with a large diversity in the
subtypes identified. There has been one report of H5N1 recovered from a small fish in
Cambodia (Horm et al., 2012) and another of H6N8 recovered from freshwater clams
(Huyvaert et al., 2012).
Only three studies to date have compared concurrent data from waterfowl and either water
(Halvorson et al., 1983; Hinshaw et al., 1980) or lake sediment (Lang et al., 2008). As might
be expected, one of these studies (Hinshaw et al., 1980) found only a subset of the high diversity
of viruses detected in ducks were recovered from the water and in two subsequent years,
reflected the most prevalent duck subtypes. The question remains as to whether the subtypes
were the most prevalent in ducks because they persist the best in water, or if their detection
was purely stochastic and reflected higher viral shedding. In contrast to a strictly stochastic
model, a similar study design found twenty-one subtypes in ducks over a two year period, with
only four that could be recovered from pond water (Halvorson et al., 1983). In this instance,
the water associated AIV did not reflect the most common subtypes found in ducks. Likewise,
a study of lake sediment recovered numerous AIV which largely reflected those present in
ducks the prior season, however there were subtypes prevalent in ducks not found in water and
a subtype found in water that was not seen in the ducks (Lang et al., 2008). These discrepancies
highlight the current inability to predict what might be found in the environment purely based
on what is found in the bird population and underscores our need to better understand
environmental dynamics.
Viral pathogenicity may also differ between viruses persisting in water and those found by
surveillance of birds. One study recovered several H9N2 isolates from both surface water in
the Dongting Lake wetland, and feces deposited along the shore. An assessment of key amino
acid changes known to impact pathogenicity revealed no apparent differences amongst the
isolates, yet those derived from the water were more pathogenic in mice than those derived
from feces (Zhang et al., 2011b). Similarly, H13N2 recovered concurrently from pond water
and turkey also showed differences in pathogenicity, with the water derived virus being more
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pathogenic in mice (Laudert et al., 1993). It is unclear if viruses are under selective pressure
for pathogenicity in the environment, or whether this selection would impact the severity of
disease in subsequently infected wild birds. Alternatively, adaptation towards stability in the
environment may inadvertently result in unrecognized amino acid changes associated with
increased pathogenicity in mammals. Both explanations highlight the need to identify the
molecular basis for environmental stability of AIV and consequences for transmission in the
natural reservoir.
2.3.3 Lessons learned from experimental studies—A handful of experimental studies
have begun to define the dynamics of AIV stability outside of the host. The majority of these
studies have inoculated distilled water with a known quantity of virus isolated from amniotic
allantoic fluid and manipulated the model for temperature, pH, and salinity. Inoculated virus
is followed over time and typically assayed by either egg inoculation or titration in a tissue
culture system to quantify the presence of live virus. Under these carefully controlled laboratory
conditions, general trends have emerged. As a broad statement, clean filtered water maintained
at a low temperature (below 17C), low salinity (freshwater, < 0.5 ppt), and neutral pH (6.8–
7.4) provides the virus with the greatest longevity. Under these ideal conditions, it is not
uncommon to see virus maintaining infectivity for nearly a year (Lebarbenchon et al., 2012,
2011; Nazir et al., 2011), with one report recovering live virus after 667 days (Brown et al.,
2007). These analyses clearly provide the proof-of-principle that influenza can readily persist
across wild bird migratory seasons. Unfortunately, while it is convenient to look for general
trends in viral persistence under a defined panel of parameters, mounting evidence underscores
that the picture is much more complex and only beginning to be understood.
Experimental studies have convincingly demonstrated that as temperature increases, viral
persistence decreases at an exponential rate (Stallknecht et al., 2010). As a general
approximation, most studies have found that virus persists for nearly one year at 0–4C
(Lebarbenchon et al., 2012, 2011; Nazir et al., 2010), approximately 6 months at 10–17C
(Brown et al., 2007; Lebarbenchon et al., 2012, 2011; Nazir et al., 2011; Stallknecht et al.,
1990a, 1990b), 1 month at 20–23C (Lebarbenchon et al., 2012; 2011), and a week or less at
28C or higher (Lebarbenchon et al., 2012; Nazir et al., 2010, 2011; Stallknecht et al., 1990a,
1990b). Despite these temperature generalities, a great deal is still unknown about virus
circulation in the natural setting. Natural water sources are not maintained at constant
temperatures, and while modest fluctuations (17C/23C) have little effect on virus stability
(Lebarbenchon et al., 2012), more extreme fluctuations could be more damaging. One study
showed that cycling between −20C and 4C dramatically reduced virus longevity
(Lebarbenchon et al., 2011), while another (Shoham et al., 2012) found only a 25% decline in
infectivity after multiple freeze/thaw cycles or a year of frozen storage. Virus isolates further
differ in thermostability, particularly at colder temperatures (Brown et al., 2009; Nazir et al.,
2011) and irrespective of HA subtype (Scholtissek, 1985). Interestingly, even within the same
virus strain, differences in stability are found. An H7N3 recovered from a mallard remained
infectious for 6 months, while an H7N3 recovered from a laughing gull retained infectiousness
for 7.5 months (Stallknecht et al., 2010). In an analysis of five closely related reassortant of
low pathogenic avian influenza (LPAI), all viruses showed decreased persistence with higher
temperatures, but the rate of that decline differed between viruses and the rank order for virus
stability differed across temperatures. For example, H3N8 was the shortest lived of the five
viruses at 4C, but was one of the longest lived at 17C (Lebarbenchon et al., 2012). Likewise
H6N1 declined rapidly with increased temperature, while H4N8 was relatively robust at all
temperatures tested. These five viruses were reassortants isolated from wild ducks in Minnesota
from the same region at the same time, and since they showed no difference in viral shedding,
these modest differences in viral persistence could conceivably impact which strain is
propagated in the host population. These sorts of studies further illuminate the incomplete
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picture that is obtained when surveillance efforts focus exclusively on the viruses present in
the bird population without consideration to the environmental component.
Since influenza is an enveloped virus, the inverse correlation between viral persistence and
temperature may in part be explained by the effect of temperature on lipid fluidity and
membrane stability. At 4C the lipids that comprise the influenza outer envelope are ordered,
rigid, and therefore environmentally stable. This state changes as temperature increases, with
the lipids becoming completely disordered and therefore fluid at 41C (Polozov et al., 2008).
The disordered fraction facilitates the ability of the virus to fuse, uncoat, and establish infection.
Temperature has been demonstrated as a key determinant for aerosolization (Lowen et al.,
2007, 2008), and lipid composition of influenza has been shown to impact fusability, infectivity
(Sun and Whittaker, 2003; Takeda et al., 2003) and the potential for aerosolization (Polozov
et al., 2008). The balance between ordered (cold tolerant) and disordered (fusion competent)
states of the virus likely impacts tolerance for indirect transmission and pathogenicity and is
probably determined by lipid composition. As lipid composition is acquired from the host cell
and at least partially directed by viral components (Rossman and Lamb, 2011; Veit and Thaa,
2011), lipid composition would be expected to vary between different viruses and host species.
These differences may therefore help to explain the variation in temperature stability across
influenza isolates and merits further study.
While most viruses are labile in high salinity associated with ocean water, there is considerable
strain variability in the continuum between fresh and brackish water (Brown et al., 2009;
Stallknecht et al., 2010). A close analysis of several LPAI H5 and H7 documented that H7
decrease less rapidly at a high salinity than H5 (Brown et al., 2007). Even between two different
isolates of high pathogenic avian influenza (HPAI) H5N1, one isolate persisted longer with
low salinity and the other at high salinity (Brown et al., 2007). AIV is typically the most stable
at a neutral to slightly basic pH (7.4–8.2) (Brown et al., 2009), with extreme highs and lows
detrimental to the virus and resulting in a nearly 7-fold drop in persistence (Irwin et al.,
2011). There are however exceptions, since H6N4 shows the greatest stability at pH 8.6 (Brown
et al., 2009), and there is considerable variability in the pH threshold isolates can tolerate before
being rendered non-infectious (Scholtissek, 1985; Stallknecht et al., 2010). H2 and H11
maintain viability down to 4.8 and 4.6 respectively, while H8 and several H1, H5, and H7s are
rendered non-infectious at a pH of approximately 6.0 (Scholtissek, 1985). Finally, there is a
general trend for AIV to be more robust than human influenza at low pH (Webster et al.,
1978).
Several studies have also found interactions in how temperature, salinity, and pH impact viral
persistence. Viruses in brackish conditions (0.5 – 20 ppt) persist the longest at pH 6.2, while
the same virus in freshwater (> 0.5 ppt) persist the longest at a pH 8.2 (Stallknecht et al.,
1990a). This same trend for higher salinity to overcome low pH was also seen for at least some
virus isolates by Keeler et al. (2012). For a given virus, temperature can influence both ideal
salinity (Brown et al., 2007) and pH tolerance (Stegmann et al., 1987). The HA fusion
mechanism is irreversibly triggered at pH 5 and in physiological conditions, triggering outside
of the endosomal compartment renders the virus nonviable. However the HA conformational
change at low pH does not occur when the virus is at 0C (Stegmann et al., 1987) and therefore
lower temperatures are protective against low pH.
Differences in aquatic compositions might influence which subtypes can persist in different
habitats, thereby impacting species specificity of AIV. Several environmental parameters of
interest have previously been proposed, including presence of or adherence to metals and
organic compounds, sunlight, bacteria, biofilms and bivalves (Stallknecht et al., 2010). The
handful of studies that have begun to address these additional features of the biotope and its
role in viral stability have already begun to uncover intriguing results. Survival of virus is
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favoured in filtered water compared to unfiltered water (Domanska-Blicharz et al., 2010; Irwin
et al., 2011). This was nicely demonstrated by inoculating virus into Baltic Sea water. Untreated
water resulted in a rapid loss of infectiousness, while pre-filtering the sample of water prior to
inoculation resulted in prolonged virus survival (Domanska-Blicharz et al., 2010). This
suggests that at least some microorganisms may be detrimental to environmental persistence
of virus. Likewise, clams may also limit virus persistence. When placed into H3N8 inoculated
water, freshwater clams reduced the virus concentration to just above the detection limit within
24 hours and the virus laden clams did not infect ducks upon consumption (Faust et al.,
2009). Differences in susceptibility across subtypes and how that may relate to host specificity
have not yet been examined. Microorganisms or freshwater clams may limit indirect virus
transmission in specific water habitats and thereby influence which hosts become infected.
While some aquatic life forms may hinder the persistence of virus in water, a small number of
studies have suggested such individuals may act as a potential reservoir for virus. Following
experimental inoculation, live virus (H5N1) can be recovered from tadpoles and fighting fish
one day after the animals are submerged into infected water (Horm et al., 2012). High
concentrations of viral RNA were detected in water fleas placed into H4N6 or H5N1 inoculated
water (Abbas et al., 2012), and virus was recovered from mussels for up to six days after
placement into contaminated water (Horm et al., 2012). Further work is needed to know if
these potential reservoirs either release infectious virus back into the environment, or serve as
a viral delivery vehicle to birds that include them in their diet.
Environmental contributions to the indirect transmission of AIV are complex, multifaceted,
and barely beginning to be understood. A more nuanced understanding of how environmental
parameters impact virus persistence can help to identify habitats where transmission, and
especially interspecies transmission, is most likely to occur. While the current methodological
limitations render environmental surveillance a particularly challenging task, the critical nature
of the results in understanding AIV ecology and potential human epidemics necessitates that
such surveillance efforts are pursued.
3. Genomic signatures of potentially pandemic viruses
Transmission of IAV to humans from wild animals or environmental sources caused four major
pandemics in the last two centuries: H1N1 (Spanish flu) in 1918, H2N2 in 1957, H3N2 in 1968
and H1N1 in 2009 (Cheng et al., 2012; Taubenberger and Morens, 2006; Wright et al.,
2007). The past pandemics and the threat of H5 and H9 emergence in humans highlight the
public health concern. Unfortunately, frequent genetic drift and shifts are driving influenza
virus evolution at a very high pace (Chen and Holmes 2006; Taubenberger and Morens
2009), making predicting features of the next pandemic virus difficult. Pandemic preparedness
involves three main approaches: analysing viruses that caused the previous pandemics,
understanding virus/host ecology, and monitoring viral evolution by continuous surveillance.
Analysing the sequences of previous pandemic viruses is instrumental in understanding how
they evolved and identifying the molecular signatures associated with host switching and
enhanced virulence to humans. Studying the virus ecology, which is tightly bound to the host
ecology, is essential for understating the patterns of AIV global spread. Early detection of
pandemic virus precursors via continuous surveillance of wild animals is a pre-emptive strike
against the aftermath of a pandemic because it provides us a golden opportunity to prepare
vaccine seed strains before the pandemic even begins (Monto et al., 2006). The numerous
studies of previous pandemic viruses revealed that they all carried at least one or more avian
genomic segments and arose by one of two mechanisms; either via gradual adaptation of a
purely avian virus or modification of a human-adapted virus by genetic reassortment (Smith
et al., 2009; Taubenberger and Kash, 2010). In this section of our review, we will highlight the
known molecular changes (see Fig. 5) associated with the complex multi-step process of host
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switching from wild to domestic birds and then to mammalian species and eventually inter-
mammalian transmissibility (the pandemic prototype).
3.1 Learning from avian influenza viruses in the wild
Surveillance in wild birds may serve as an early warning system for highly pathogenic or
potentially pandemic influenza strains (Hoye et al., 2010b), but isolation of strongly pathogenic
strains, including H5N1 has been infrequent. Infection of birds is mostly asymptomatic, where
the virus infects epithelial cells lining the intestine and is shed in the feces. Transmission of
influenza virus to a non-infected bird is thought to occur mainly via the fecal-oral route
(Munster et al., 2007) but only on rare occasions is the highly pathogenic form of IAV reported
in wild birds. The first reported case of high mortality in wild birds was due to H5N3 infection
in common terns (Sterna hirundo) of South Africa in 1961 (Becker, 1966). More recently, in
late 2002, an outbreak of HPAI H5N1 was first reported in migratory waterfowl in Hong Kong,
and a few months later, an avian H5N1 virus closely related to one of these viruses was isolated
from two human cases (Sturm-Ramirez et al., 2004).
Direct transmission from wild birds to humans, however, is extremely rare and usually has
involved an intermediate species such as domestic poultry (Reperant et al., 2012). Serologic
evidence suggests that some bird hunters and banders are exposed to IAV strains that are found
mainly in wild ducks such as H11N9 (Gill et al., 2006; Gray et al., 2011), but clinical infection
is not well documented. For H5N1, the only report of suspected direct transmission of H5N1
from wild birds to humans was in Azerbaijan as a result of de-feathering of infected swans
(Gilsdorf et al., 2006).
Phylogenetic analysis has revealed that some gene segments belonging to previous human
pandemic strains are still circulating in wild bird reservoirs. For instance, the NA genes of
some H9N2 viruses isolated from migratory ducks in Hokkaido, Japan, clustered with those
of H3N2 viruses that caused the human pandemic of 1968 (Liu et al., 2003). Moreover, it has
been speculated that the 3 parents of the triple reassortant virus that caused the 2009 H1N1
pandemic may have been assembled in one place by migratory birds (Gibbs et al., 2009). With
the exponential rise in sequence information in public databases, a critical need is to
phenotypically characterize individual strains which appear to be unique or to carry
characteristic mutations of highly pathogenic virus.
3.1.1 Intercontinental mixing—Mixed infection and reassortment have been shown to be
extremely common in wild birds (Wang et al., 2008). After analyzing 167 complete genomes
recovered from cloacal swabs of 14 bird species sampled across North America, (Dugan et al.,
2008) proposed that, in the absence of strong mammalian selective pressure that favours the
spread of only a limited number of stable subtypes, IAV exist in wild birds as a large pool of
transient genome constellations that are continuously reshuffled by reassortment. The impact
of these reassortment events on the evolution of LPAI viruses is not clearly understood. A
similar assessment of oral-pharyngeal samples has yet to be attempted, possibly owing to the
poor recovery of virus from the trachea of dabbling ducks (Munster et al., 2009; Webster et
al., 1978). Gulls and passerines fit the description of an intermediate host more closely than
mallards, but oral-pharyngeal samples are lacking because of difficulties implicit with capture
of these non-game species. Collection of droppings or fecal samples is a more popular strategy
for sampling Laridae - fecal samples comprised 28% of total samples collected globally,
compared to the 5% collected from Anatidae (Fig. 2). Collection of fresh droppings from the
ground is easier and less involved than live capture and allows a larger number of samples to
be collected (Hoye et al., 2010b). However, this strategy is likely to be biased when used to
assess prevalence for Laridae that shed IAV primarily from the respiratory tract based on
experimental studies (Brown et al., 2006; Costa et al., 2011). Moreover, Strum-Ramirez et al.
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(2005) observed that viruses replicated to higher levels in the trachea than in the cloaca of both
inoculated and contact birds, suggesting that the digestive tract might not be the main site of
H5N1 influenza virus replication in ducks and that the fecal-oral route might not be the only
transmission route. Thorough assessment of potential intermediate hosts in nature will require
increased collection of oral-pharyngeal swabs from avian species including those that have
traditionally not been a focus of surveillance.
Global phylogenetic analysis splits IAV into two main lineages: Eurasian and American, which
reflect the ecological and geographic separation of avian hosts. However, they are not
completely separated because of the intercontinental movements of some long-distance
migrant ducks, gulls, and shorebirds (Liu et al., 2004; Makarova et al., 1999). A majority of
these intercontinental gene-mixing events in the U.S. are found in viruses isolated from Alaska,
which is located at the crossroads of Eurasian and North American migratory flyways and
receives about 1.5–2.9 million birds from Asia every year (Winker and Gibson, 2010).
Although still a rare event overall, viruses carrying a mix of Eurasian and American genes have
been isolated at a high frequency from gulls (Dugan et al., 2008; Widjaja et al., 2004). A
thorough sequence analysis of gull influenza isolates from the U.S. revealed segments with a
mosaic phylogeographic pattern; with at least one segment in the majority of those viruses
originating from Eurasian lineages (Wille et al., 2011a). No study to date has detected
movement of a complete virus derived from either clade into the other continent (Krauss et al.,
2007).
3.1.2 Molecular determinants of host specificity within wild birds—Wild birds play
an important role in the ecology of IAV, however, the factors governing interspecies
transmission or host-subtype associations are largely unknown. Studying the patterns of
attachment of a human (H3N2) and an avian (H6N1) virus to the colon and trachea sections
from 12 wild bird species using histochemistry techniques revealed significant variations
between closely related avian species, suggesting that the ability of wild birds to serve as hosts
for AIV strongly varies among species (Jourdain et al., 2011). Some gull species, in particular,
may be important to IAV reassortment due to their frequent intercontinental movements.
Although H13 and H16 subtypes are believed to be gull-specific, gulls as a group have been
shown to host many other viral subtypes (Munster et al., 2007; Olsen et al., 2006; Wille et al.,
2011a). Phylogenetic analysis of the HA and other internal genes of H7N3 viruses isolated
from gulls and shorebirds in the Delaware Bay area showed that they are closely related to
HPAI H7N3 viruses that caused the 2004 outbreak in chickens in British Columbia (Hirst et
al., 2004; Krauss et al., 2007). The Delaware Bay H7N3 viruses replicated well in chickens
and killed chicken embryos, suggesting that they might have high potential to evolve into HPAI
if transmitted to chickens.
The majority of viruses isolated from gulls though are unable to infect experimentally
inoculated ducks, suggesting there are host barriers between wild bird species (Kawaoka et al.,
1988). The exact mechanisms controlling these observed species preferences are not clearly
understood, but will most likely involve differences in receptor specificities between viruses
isolated from ducks and gulls as a result of host adaptation (Matrosovich et al., 2009, 2008).
Some receptor-binding site substitutions that are unique for gull-specific subtypes (such as
Y98F, A138S and E190T in H16, G228S and R229W in both H13 and H16) could be playing
a role in fine-tuning the interaction with non-identical receptors in these hosts. The substitution
of G to S at position 228 is of particular importance because it has been shown to affect receptor-
binding preference of human H2 and H3 viruses (see further discussion in section 3.3.1 below).
A switch from P to L at position 215 is capable of changing the configuration of the receptor
binding domain (RBD). Furthermore, at position 222, all viruses isolated from ducks carry a
bulky amino acid (K, P, R, L, Q or W), which is substituted by a small one (G) in the HA of
H13 viruses.
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It is often overlooked that avian viruses may not be uniform in their binding ability to α-2,3
linked SA receptors. However, by comparing the patterns of viral binding to a panel of synthetic
sialylglycopolymers (SGPs) having the same terminal α-2,3 linked SA fragment and differing
only in the structure of the inner parts of the carbohydrate chain, Yamnikova et al. (2003) and
Gambaryan (2005) were able to demonstrate significant differences between chicken, duck,
and gull viruses. These findings raised questions about the impact of these differences on the
transmissibility of IAV.
A better understanding of the exact chemical nature of glycan receptors and their distribution
on tissues from different species of wild birds would greatly enhance our knowledge of the
virus/host interactions in the wild. Although several investigators have studied the receptor
expression patterns in chickens, ducks and other species of domestic and wild birds (Costa et
al., 2012; Kuchipudi et al., 2009; Pillai and Lee, 2010; Yu et al., 2011), these studies have
probed only for the two main glycosidic linkage types using lectin histochemistry staining.
Therefore, a comprehensive understanding of glycan receptor distribution on tissues of
different species of birds is still lacking. Mass spectrometry is an important tool that provides
a systematic analysis of the total glycan content of tissues because of its ability to detect glycans
in complex mixtures with high sensitivity. It provides an insight into the fine structural details
of glycans such as length and branching, beyond the simple description of the glycosidic
linkage (Nicholls et al., 2012; Viswanathan, 2010).
3.1.3 HPAI H5N1 in wild birds—H5N1 viruses are a particularly high priority due to their
frequent emergence in poultry as HPAI and to documented human disease. Surveillance studies
of wild birds in northern Europe provided evidence that they harbor the LPAI ancestral viruses
of HPAI H5 and H7 strains found in poultry. For each of the HPAI outbreaks that occurred in
Europe since 1997, closely related LPAI relatives were found in mallards (Munster et al.,
2005). In countries where H5N1 infections of wild birds have been documented, such as China,
there was little evidence that HPAI H5N1 strains were perpetuated early on (Ellis et al.,
2004). Therefore, the role of wild birds in the geographic spread of HPAI H5N1, particularly
to the US, is strongly debated (Flint, 2007). It has been speculated that infected Asian wild
birds can’t transport H5N1 for long distances because infection would negatively affect their
health and hinder or significantly delay migration (Normile, 2005). Although surveys
conducted in the U.S. during the period 2006–2008 showed that wild birds were free of HPAI
H5N1 (Deliberto et al., 2009), globally, H5N1 disease clusters along several flyways were
found to be associated with the seasonal migration of wild birds, spreading from endemic
poultry sources in southern China to other regions (Si et al., 2009). Wild birds have also been
implicated in the spread of H5N1 to countries in the Middle East such as Egypt (Saad et al.,
2007). Since H5N1 viruses were present in apparently healthy migratory birds just before their
migration in this region, it was proposed that wild birds in synergism with poultry trade play
an important role in the spread of H5N1 over long distances (Chen et al., 2006c; Kilpatrick et
al., 2006). The question of whether wild birds can be silent carriers may rely on the
documentation of infection in birds that are healthy enough to migrate on both ends of the
flyways. Indeed, some experimental infection studies, showed that HPAV H5N1 infection is
not fatal for certain species of waterfowl and shorebirds (Brown et al., 2006; Kalthoff et al.,
2008; Keawcharoen et al., 2008; Perkins and Swayne, 2002), suggesting that wild bird species,
particularly mallards, can potentially be long-distance vectors of highly pathogenic avian
influenza virus (H5N1).
3.1.3.1 Molecular markers of H5N1 pathogenicity in wild birds: As mentioned, several
H5N1 outbreaks in Asia have resulted in mortalities in waterfowl since 2002. The molecular
determinants of pathogenicity in ducks are poorly understood. A few studies have pointed to
the PA and PB1 subunits of the polymerase complex as major contributors to virulence in
ducks. Introducing two mutations into the PB1 (Y436H) and PA (T515A) genes reduced the
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virulence of a small-plaque phenotype of A/Vietnam/1203/04 (H5N1), which is known to be
highly virulent for ferrets, mice and mallards (Hulse-Post et al., 2007). Two amino acid
substitutions in the PA (S224P and N383D) of the A/duck/Hubei/49/05 virus were associated
with a highly virulent phenotype (Song et al., 2011). Additional work on H5N1 pathogenicity
in wild birds is needed to clarify the constraints on H5N1 evolution and transmission in
reservoir species.
3.1.3.2 Spillover from domestic to wild birds: Many of the wild bird mortalities due to H5N1
have coincided with outbreaks in poultry (Kwon et al., 2005; Lee et al., 2005). Molecular
analysis of these viruses indicated that the majority of them are spillover events from domestic
poultry outbreaks. H5N1 viruses that caused an outbreak in Qinghai Lake in western China in
2005, which resulted in high mortalities in bar-headed geese (Anser indicus) and gulls had
multi-basic insertions at the cleavage site of HA and a deletion of 20 amino acids in the NA,
which indicate previous adaptation to domestic chickens (see section 3.2.1 below) (Chen et
al., 2006b, 2005). In addition, surveys on IAV in wild black-billed magpies (Pica hudsonia)
in Guangxi, China, have identified some interesting H9N2 reassortants carrying H5N1-like
PB1 genes, which presumably derived from the co-circulating H9N2 and H5N1 viruses. These
reassortants had similar motifs at the HA cleavage site to LPAI H9 chicken isolates and also
NA stalk deletions similar to current prevailing chicken isolates, suggesting that these viruses
were transmitted from domestic chickens (Dong et al. 2011b). The repeated transmission from
poultry to wild birds has raised some concerns about the possibility of H5N1 adapting to and
becoming endemic in wild bird populations. As of 2011 the United Nations Food and
Agriculture Organization considers H5N1 virus to be endemic in China, Bangeladesh,
Vietnam, Indonesia, India, and Egypt (http://www.cdc.gov/flu/avianflu/h5n1-animals.htm).
The establishment of silent H5N1 infections in wild birds would pose a serious threat,
especially if they retain pathogenicity to other species (Boyce et al., 2009).
3.2 Host switching - wild to domestic birds
IAV are usually introduced to domestic poultry either directly via shared aquatic habitats and
drinking water sources or indirectly via contaminated farming equipment (Alexander, 2007;
Reperant et al., 2012). However, adaptive changes are commonly seen to establish infection
in domestic poultry with wild bird derived IAV. In fact, since human isolates from domestic
poultry outbreaks frequently resemble them, it was proposed that adaptation to land-based
poultry facilitates transmission of novel IAV to humans (Wright et al., 2007). The additional
finding that α-2,6 linked SA receptors were found with great abundance in chicken tracheal
sections strongly suggests that chickens can be important intermediate hosts for generating
zoonotic IAVs (Kuchipudi et al., 2009).
The HA protein is synthesized as a single polypeptide precursor (HA0), which is matured by
proteolytic cleavage via trypsin-like cellular enzymes, producing the HA1 and HA2 proteins
(Skehel and Wiley, 2000). Many H5 and H7 viruses evolve into HPAI in the chicken, usually
through the acquisition of polybasic amino acid insertions (R and K residues) at the HA0
cleavage site. This change facilitates systemic virus spread by rendering the HA0 cleavable by
ubiquitous proteases available in many body tissues. However, it was shown that acquisition
of a polybasic cleavage site by itself was not sufficient for converting virus into HPAI for
chickens, and other changes involving additional viral proteins are required (Stech et al.,
2009).
Surveillance of IAV circulating in domestic poultry is considered a high priority for eliminating
potential human epidemics resulting from zoonotic transmission from poultry. The H5N1
viruses that spread in Hong Kong in late 1997 crossed the species barrier to humans, causing
respiratory infection in 18 patients and death in 6 after close contact with poultry. Fortunately
Runstadler et al. Page 20
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
the virus didn’t spread from person to person and a culling of over 1.5 million chickens is
largely credited with averting further human infection and possibly pandemic spread
(Shortridge et al., 2000). A comprehensive map of the various determinants involved in
adaptation to domestic birds is still lacking. The currently known molecular features that reflect
viral adaptation to poultry include: in-frame deletion in the NA stalk region and substitutions
in HA and NS.
3.2.1 NA stalk deletions—HA binds to SA linked to cellular membrane glycoproteins,
whereas the sialidase activity of the NA facilitates the release of progeny virions as a receptor-
destroying enzyme, essential for release of viral particles from the host cell after budding. The
NA stalk is a structure that separates the globular, enzymatically active head of the tetrameric
NA from the hydrophobic transmembrane domain (Russell et al., 2006). Stalk deletions
associated with adaptation to poultry have been reported in many subtypes and usually range
from 20–30 amino acid residues (Campitelli et al., 2004; Giannecchini et al., 2010; Li et al.,
2010; Mundt et al., 2009; Sorrell et al., 2010). IAV with a short stalk have not been isolated
from waterfowl except in cases where HPAI H5N1 spilled over to wild birds (Chen et al.,
2006b; Liu et al., 2005), strongly suggesting that this variant does not have a selective
advantage in wild birds. A comprehensive analysis of thousands of NA sequences by Li et al.
(2011) revealed that these deletions were often accompanied by changes in the HA such as
addition of glycosylation sites, presumably to maintain functional balance between HA and
NA, which is necessary for viral infectivity (Lu et al., 2005; Matrosovich et al., 1999; Mitnaul
et al., 2000; Wagner et al., 2000).
Experimentally, it was shown that NA stalk deletions enhanced IAV replication in chickens;
however, the molecular mechanism behind this growth advantage is still unclear. The sialidase
activity of NA orchestrates the release of progeny virions. Although these deletions are
expected to negatively affect the function of NA, the release of a recombinant LPAI H1N1
virus carrying an engineered NA stalk deletion was not affected (Munier et al., 2010).
Previous studies have shown that Japanese quails (Coturnix japonica) can play an important
role as an intermediate host in the adaptation of IAV to land-based birds. Japanese quail are
highly susceptible to wild-bird derived IAV and have been implicated in the transmission of
IAV subtypes that have crossed the species barrier to humans, including H5N1 and H9N2
(Guan et al., 1999; Makarova et al., 2003; Wan and Perez, 2006). Sequence analysis of a quail-
adapted mallard strain of H2N2 (A/Mallard/Potsdam/178-4/83) identified 6 mutations in 4
genes, PB2 (A588V), PB1 (Q268R, D398E, S654I), NP (A234T) and HA (N155D), suggesting
that the internal genes also play a role in host adaptation (Sorrell and Perez, 2007). However,
adaption of the quail-adapted virus to chickens was accompanied by an additional mutation in
the HA (K303Q) and a deletion in the NA stalk region. These adaptive changes altered viral
behaviour from intestinal shedding to shedding and transmission via the respiratory tract,
indicating that the NA stalk deletion is a major determinant of respiratory tropism of IAV
(Sorrell et al., 2010).
3.2.2 HA acid stability—After virus uptake by receptor-mediated endocytosis, the virus is
exposed to the acidic pH of the endosome, which triggers fusion between the viral and
endosomal membrane and release of the viral nucleocapsids into the cytoplasm (Palese and
Shaw, 2007). The acid stability of HA is another factor affecting IAV pathogenicity and
ecology. Mutations that modulate HA acid stability have been associated with changes in viral
pathogenicity and environmental persistence. An increase in H5N1 pathogenicity in chickens
was correlated with an increase in the pH of HA activation, which was linked to variations at
residues 104 and 115 located in the N- and C-termini of helix-110 of HA1 (DuBois et al.,
2011). On the other hand, an H5N1 virus carrying an H24Q mutation, which decreased the pH
of HA activation, was shed more extensively from infected mallards into drinking water and
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persisted for a longer period in the environment (Reed et al., 2010). The molecular determinants
of viral persistence in the environment deserve further investigation as described above.
Although a few studies have revealed some intriguing differences in the environmental
persistence of viral isolates belonging to the same HA subtype in particular, decoding these
determinants has been hampered by the lack of HA sequences (Brown et al., 2007; Stallknecht
et al., 2010).
3.2.3 HA and NS substitutions—Other HA amino acid substitutions associated with IAV
adaptation to chickens are A198V and S274F (Li and Cardona, 2010). The NS genes of H5N1
viruses, which re-emerged from geese in Hong Kong’s chickens in 2001, carried a unique 5-
aa deletion (position 80–84) in the middle of the NS1 protein (Guan et al., 2002). Whether
these substitutions are associated with the interspecies transmission from aquatic birds to
domestic birds is still unknown. More experiments are needed to delineate the biological role
of these mutations.
3.3 Host switching – Mammalian jumps
IAV circulating in birds may also acquire certain changes that render them transmissible to
mammals, including humans, pigs, horses, dogs and seals. Despite the debate in the literature
about the origin of the 1918 H1N1 pandemic virus and whether it originated from a purely
adapted avian virus or as a result of reassortment (Smith et al., 2009; Taubenberger and Kash,
2010), H5N1 and H9N2 viruses represent elegant examples of mammalian adaptation. H9N2
are low-pathogenic IAVs that were firstly isolated in 1966 in the US from turkeys (Homme
and Easterday, 1970). Since their isolation in North America, H9N2 IAV on the North
American continent have been found mainly in shorebirds and wild ducks, with no evidence
of permanent lineages of these viruses in land-based poultry. In 1988, the isolation of an H9N2
virus from Japanese quail in Southern China was the first recorded land-based poultry case of
H9N2 in Asia (Perez et al., 2003). H9N2 viruses continued to disseminate and became endemic
in domestic poultry outside of North America (Bi et al., 2010; Dong et al., 2011a; Fusaro et
al., 2011; Hossain et al., 2008; Xu et al., 2007). Since 1997, there have been several reports of
transmission of H9N2 IAV from land-based poultry to mammals, including humans and pigs
(Cong et al., 2007; Lin et al., 2000). Experimentally, it was shown that H9N2 IAV acquired
affinity to bind efficiently to α-2,6 linked SA receptors (Matrosovich et al., 2001), considered
one of the key elements for human infectivity. Given the potential of H9N2 to transmit to
humans, this group of viruses is currently on the list of the WHO as a potentially pandemic
virus (Alexander et al., 2009; Li et al., 2003).
In section 3.3, we will highlight the main genetic markers of such IAV species jumps to
mammalian hosts, particularly humans, where research efforts have focused.
3.3.1 HA receptor binding domain—The RBD of HA is a critical determinant of IAV
host tropism and transmissibility because it mediates the initial interaction between the virus
and the SA receptor (Chandrasekaran et al., 2008). Structurally, it is composed of 3 main
elements: helix-190 (residues 188–194), loop-220 (residues 221–228) and loop-130 (residues
134–138). Other highly conserved residues, such as Tyr98, Trp153, His183 and Tyr195, form
the base of the receptor-binding pocket (Skehel and Wiley, 2000). Amino acid substitutions
affecting the conformation of the RBD usually result in changes in the receptor-binding affinity
of HA and a consequent switch in host species specificity (Medina and Garcia-Sastre, 2011).
HA recognizes host glycans with terminal SA residues, which represent a diverse family of
sugars with a 9-carbon backbone that vary in structure among different species. SA are the
outermost unit on glycan chains with two main types of linkage to the underlying galactose
(Gal) arising from carbon-2. SA can either be linked to carbon-3 of Gal to form an α-2, 3
glycosidic linkage or to carbon-6 of Gal to form an α-2,6 glycosidic linkage (Nicholls, 2008;
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Wilks, 2012). It is generally believed that avian viruses preferentially bind to SA receptors
with an α-2,3 linkage, whereas human viruses prefer an α-2,6 linked SA; and a switch from
α-2,3 to α-2,6 is a prerequisite for the adaptation of avian viruses to the human host (Wright
et al., 2007). Therefore, identifying RBD mutations that would enable this switch might be of
great value to preparing for the emergence of pandemic strains. Additional studies also suggest
that HA-receptor interactions are more complex than the simple α-2,3 versus α-2,6 dichotomy.
In addition to the type of the linkage, the terminal SA itself and the overall glycan size and
topology are also important determinants of binding affinity (Chandrasekaran et al., 2008;
Gambaryan et al., 2003; Imai and Kawaoka, 2012; Ito et al., 2000; Suzuki et al, 2000).
The effects of point mutations and topology of the RBD on the receptor binding affinity of
IAV have been extensively studied in viruses that caused pandemics in humans (H1, H2 and
H3) and viruses considered to be potentially pandemic (H5 and H9). In particular, the recent
advances in glycan microarray technologies have revolutionized our understanding of the
interaction between influenza viruses and their host cell receptors. This technology enables
investigators to pinpoint, with a high degree of accuracy, the differences between HA binding
to hundreds of different glycans attached to a single chip (Stevens et al., 2006c). Comparative
sequence analysis revealed that human adapted H2N2 and H3N2 viruses, which caused the
1957 and 1968 pandemics, required as few as two amino acid substitutions near the RBD
(Q226L and G228S) to switch their receptor binding affinity from the avian α-2,3 to the human
α-2,6 type (Connor et al., 1994). On the other hand, two different amino acid substitutions
(E190D and G225D) within the RBD of H1N1 viruses, which caused the 1918 Spanish flu
pandemic, mediated the direct avian-to-human switch (Matrosovich et al., 2000; Stevens et al.,
2006a). Despite the structural similarities between the HA proteins of H5N1 and 1918 H1N1,
introducing the E190D/G225D mutations didn’t enhance the binding of the HA of a HPAI
H5N1 virus (A/Vietnam/1203/2004) to α-2-6 linked SA on a glycan array chip. Surprisingly,
however, introducing the G226L/G228S double mutation (typical of H2 and H3), did not fully
convert the H5N1’s HA to α-2,6 linked SA specificity; although it reduced its binding affinity
to α-2,3 linked SA (Stevens et al., 2006b). Other HA mutations, such as N182K and Q192R,
have been reported to enhance the binding of H5 to the human-type receptor (Yamada et al.,
2006). In H9N2 viruses, a frequently detected mutation, Q226L, was shown to increase the
affinity of virus to bind to human-type α-2,6 linked SA receptors, replicate better in human
airway epithelial cells, and transmit more efficiently to direct contacts in a ferret model
(Matrosovich et al., 2001; Wan and Perez, 2007; Wan et al., 2008). However, amino acid
substitutions within the RBD do not always correlate with enhanced virus transmissibility. An
example is the D222G mutation in 2009 pandemic H1N1 virus (Belser et al., 2011). Therefore,
changes in the RBD that are associated with IAV adaptation to humans seem to be very complex
and subtype-dependent. More work will be needed to determine if patterns are apparent in the
repertoire of potential sequence changes.
3.3.2 Polymerase—Receptor binding is only one part of a successful viral life cycle and a
productive infection in the host. The polymerase complex (PB2, PB1 and PA) is essential for
transcribing and replicating the negative-sense viral genomic RNA. Polymerase genes appear
to be critical for adaptation of AIV to the human host (Boivin et al., 2010). Replacing the
polymerase gene complex of A/Vietnam/1203/04, a fatal human case H5N1 isolate, with that
of a non-lethal strain completely attenuated it, highlighting the importance of the polymerase
complex for viral virulence (Salomon et al., 2006). Using the wealth of sequences available
for thousands of IAV isolates, several investigators used a suite of computational tools to
identify markers that discriminate human from avian viruses, in an attempt to understand how
avian viruses adapt to humans and cause pandemics. Only a subset of these markers was
conserved in all human pandemic influenza virus sequences, such as the A199S, E627K and
K702R substitutions in the PB2 protein. Although these markers were distributed among all
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genes, the majority of them were found in the three proteins of the viral polymerase complex,
particularly at the domains where these proteins interact (Allen et al., 2009; Chen et al.,
2006a; Finkelstein et al., 2007; Tamuri et al., 2009). Moreover, several adaptive evolution
experiments in mouse models have linked lethal mutations to the viral polymerase genes
(Gabriel et al., 2007, 2005; Ping et al., 2011). Together, these studies suggest that the
polymerase complex is highly influenced by the host environment.
3.3.2.1 PB2: Among the 3 proteins (PB2, PB1 and PA) of the viral polymerase complex, PB2
appears to play the most profound role in viral adaptation to mammalian hosts, particularly
humans. An E627K mutation is one of the most important determinants that confer the ability
to infect humans because it allows the virus, which normally grows at 40C in the avian intestinal
tract, to grow at the lower temperature of the human upper respiratory tract (33C) (Gabriel et
al., 2005; Subbarao et al., 1993). The E627K change has been correlated with the enhanced
virulence of many HPAI H5N1 strains and was shown to be essential for optimal interaction
of PB2 with NP and other cellular proteins involved in transcription and replication (Labadie
et al., 2007; Ng et al., 2012). D701N is another PB2 mutation that has been shown to be
implicated in adaptation to growth in human cells (Li et al., 2005; Steel et al., 2009). These
mutations were not found in the H1N1 2009 pandemic virus (pdmH1N1) and introducing them
by reverse genetics did not increase polymerase activity or have an impact on virus replication
in vitro or in vivo (Herfst et al., 2010; Jagger et al., 2010). These findings sparked interest in
finding other PB2 residues that might contribute to enhanced pdmH1N1 IAV replication in
mammalian cells. 590S and 591R mutations have been identified as important residues for
polymerase activity and for efficient virus replication (Mehle and Doudna, 2009). Based on a
crystal structure of the C-terminal regions of H5N1 and H1N1 PB2, residues 590 and 591 were
found to lie very close to residue 627 (Yamada et al., 2010). Therefore, it was concluded that
these 2 residues may compensate for the lack of lysine at position 627 and confer efficient
replication on pdmH1N1 in mammals. Other PB2 markers of suggested pathogenicity have
also been identified in H9N2 viruses, which are another group of high concern for potential
pandemic strains. A combination of either D253N/Q591K or M147L/E627K mutations
resulted in a polymerase with higher in vitro activity and increased viral replication efficiency
in human bronchial epithelial cells and mice (Mok et al., 2011; Wang et al., 2012b).
3.3.2.2 PB1: PB1 in the polymerase complex has also been reported to contribute to viral
adaptation to the mammalian host. PB1-F2 is a small proapoptotic viral protein (90 amino
acids) that is encoded within the PB1 gene by an alternative reading frame (Chen et al.,
2001). A single amino acid substitution (N66S), which was found in both Hong Kong 1997
H5N1 and the 1918 pandemic H1N1 virus, was shown to increase virulence in mice (Conenello
et al., 2007).
3.3.2.3 PA: Serial passage of the LPAI wild-bird H5N2 in a mouse model identified a T97I in
the PA protein to be a key determinant of enhanced virus replication in mice (Song et al.,
2009). Moreover, a recent study showed that the exchange of entire PA segments between
avian and human viruses (akin to a reassortment event) facilitates viral adaptation to humans.
An avian polymerase from A/green-winged teal/Ohio/175/1986(H2N1) carrying a PA subunit
from the 2009 pdmH1N1 virus exhibited increased polymerase activity in vitro and helped the
virus to overcome growth restriction in human cells. Reassortant viruses showed enhanced
replication kinetics and pathogenicity to mice. This enhancement in replication efficiency was
mapped to a single amino acid substitution in the PA (T552S) (Mehle et al., 2012). These and
other mutations in the genes encoding the viral polymerase have demonstrated that genetic
diversity encoded in these segments may play a very important role in viral adaptation and
pathogenicity in a new host. Many more such changes in wild viruses await analysis.
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3.3.3 Genetic reassortments—In addition to adaptational mutation, reassortment is an
important mechanism for the generation of potentially pandemic influenza strains. Sequence
analysis revealed that the pandemics of 1957 and 1968 were caused by avian-human
reassortants that acquired human receptor binding properties (Taubenberger and Kash, 2010).
Phylogenetic analysis has suggested that the H5N1 influenza viruses that caused 1997’s
outbreak in Hong Kong were reassortants that obtained their internal gene segments from a
quail H9N2 virus (Qa/HK/G1/97) (Guan et al., 1999). Several studies have been conducted to
investigate the possibility of pandemic strain emergence via reassortment between human and
avian or swine viruses. A human H3N2 reassortant virus carrying the internal genes of avian
H5N1 exhibited reduced replication and transmission in a ferret model, suggesting that the
genetic basis of mammalian transmissibility is complex (Maines et al., 2006). Coinfection with
H9N2 and 2009 pdmH1N1 influenza viruses in the same host (e.g., pigs and humans) could
provide the opportunity for reassortment between these viruses. Experimentally, 127 hybrid
viruses derived from these two subtypes by reverse genetics showed high genetic compatibility
and more than half replicated to a high titre in vitro. In vivo studies of 73 of 127 reassortants
revealed that all viruses were able to infect mice without prior adaptation and 8 reassortants
exhibited higher pathogenicity than both parental viruses (Sun et al., 2011). Moreover, it was
also shown that H9N2/H3N2 (seasonal influenza) and H9N2/pdmH1N1 (swine flu) reassortant
viruses have been shown to infect and transmit by respiratory droplet transmission in ferrets
after adaptation by serial passage and incorporation of amino acid changes on the surface and
internal genes (Kimble et al., 2011; Sorrell et al., 2009). In addition, H9N2/pdmH1N1
reassortants replicated and transmitted more efficiently in pigs than the parental H9N2 virus
(Qiao et al., 2012). The sum of this work demonstrates the possibility of novel pandemic strains
being generated from reassortment between avian H9N2 and other IAV subtypes.
3.3.4 HA-NA balance—During viral budding, progeny virions remain attached to the cell
surface via HA until the enzymatic activity of NA destroys the receptors and releases those
cell-bound viruses (Palese and Shaw, 2007). A functional balance between the activities of HA
and NA has been suggested to play a role in establishing and sustaining efficient human
transmissibility (Xu et al., 2012; Yen et al., 2011). Therefore, mutations that alter this delicate
balance might be used as indicators for pandemic potential This concept was best demonstrated
with pdm2009 H1N1, which resulted from reassortment of several swine lineage viruses. The
NA and M segments of this virus came from Eurasian avianlike swine H1N1, and the other 6
segments came from North American swine H1N2, which itself was a triple reassortant of
classical swine H1N1 virus (providing the HA, NP, and NS segments), a North American avian
H1N1 virus (providing the PB2 and PA segments), and a human H3N2 virus (providing the
PB1 segment) (Garten et al., 2009). Survey of the swine progenitors of pdmH1N1 has identified
a swine H1N2 virus from Hong Kong, which differed from the pdmH1N1 by only the NA
segment. This H1N2 virus had similar receptor specificity to the pdmH1N1, but grew at lower
titres. Introducing the NA segment from pdmH1N1 did not improve viral replication efficiency;
however, it did increase the respiratory droplet transmissibility in a ferret model, suggesting
that a functional match among the 8 gene segments is required for efficient mammalian/human
transmission (Yen et al., 2011).
3.3.5 Codon usage bias—Codon-usage bias is another consideration that may be involved
in IAV adaptation to the mammalian host. The degenerate genetic code means that synonymous
codons can code for the same amino acid. Although synonymous mutations are not expected
to cause any change in the amino acid sequence, it is observed that these codons are not used
in equal measure during translation. Furthermore, this bias differs between different species
and is generally attributed to differences in the availability of tRNA during protein translation.
Accumulating evidence suggests this bias is subject to selective pressure that varies according
to the host species and is not due to random mutations (Plotkin and Kudla, 2011). Since viruses
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are completely dependent on host cellular machinery for their protein synthesis, it is logical to
assume that the codon usage features of the host will most likely influence viral evolution and
adaptation. Some studies have proposed that IAV have inherited an evolutionary advantage
that allowed them to transmit from a non-human to a human host due to their low codon usage
bias (Ahn et al., 2006; Liu et al., 2010). However, it was also shown that the codon usage
patterns of human IAV were distinct from those of avian viruses. Generally, human viral genes
had a lower GC content and the nucleotide G was used frequently as the 3rd codon position in
the viral genome (Wong et al., 2010), suggesting a certain degree of mammalian adaptation is
required before sustained transmission in humans.
3.3.6 Glycosylation—Many HA molecules are N-linked glycosylated (NLG) at several sites
in the globular head and stem through attachment of a glycan moiety to asparagine at the
consensus sequence Asn-X-Ser/Thr; where X is any amino acid except proline (Kim and Park,
2012). Glycosylation of the HAs globular head helps modulate the biological activity and
receptor binding specificity of HA, and hence the overall viral virulence in several ways.
Glycosylation near antigenic epitopes also shields HA from antibody-mediated neutralization,
leading to escape from immune recognition (Das et al., 2010). Therefore, any amino acid
changes that would lead to acquisition or loss of glycosylation sites should be carefully
scrutinized. An increased number of N-linked glycans attached to the head of HA was shown
to attenuate H3N2 in mice (Vigerust et al., 2007). On the other hand, loss of a glycosylation
site via a single amino acid substitution (Asn-246-Ser) in the HA of another H3N2 virus was
accompanied by increased virulence to mice (Reading et al., 2009). Glycosilation is also a
potent regulator of receptor binding affinity. Acquisition of NLG at the globular head can
reduce the affinity of HA to its receptors, possibly through simple steric hindrance by the bulky
side chain of the oligosaccharide, which blocks access of HA to the SA receptor (Ohuchi et
al., 1997; Wagner et al., 2002; Wagner et al., 2000). The presence of NLG on residue N158 of
H5N1 was shown to decrease the affinity of HA to bind to α-2,6 linked SA (Chen et al.,
2012). On the other hand, loss of a glycosylation site in the lab-adapted strain A/Puerto Rico/
8/34 at residue 131, adjacent to the RBD of HA, increased the binding affinity to the α-2,6
linked SA receptor (Das et al., 2011). Introducing a T160A mutation in the HA of A/Vietnam/
1203/2004(H5N1) removed a glycosylation site at residue 158, but had no effect on the receptor
preference of this virus. However, when compensated with an additional Q226L mutation,
which is known to help IAV adapt to the α-2,6 linked SA human receptors, the T160A/Q226L
double mutant exhibited altered receptor-binding specificity from α-2,3 linked SA to α-2,6
linked SA (Wang et al., 2010).
Changes in NLG have also been shown to modulate transmissibility. In a guinea pig model,
an H5N1 virus that could bind to both α-2,3 linked SA and α-2,6 linked SA lost its affinity
for α-2,6 linked SA after introduction of the A160T mutation, which resulted in loss of a
glycosylation site at residues 158–160 and a consequent loss of transmissibility of the parental
virus (Gao et al., 2009).
3.4 Inter-mammalian airborne transmission
The H5N1 outbreak that occurred in Hong Kong in 1997 provided the first concrete evidence
that purely avian viruses can acquire the necessary adaptive changes to be transmitted directly
to humans without prior reassortment in a mammalian host and can be fatal (Bender et al.,
1999; Shortridge et al., 1998). A fundamental question that influenza virologists are trying to
answer is what are the minimal genetic requirements that would render H5N1 potentially
pandemic, i.e., airborne transmissible between humans? Two recent experiments were
conducted to address this question. These experiments relied on serial passage of H5N1 or
H5N1/H1N1 reassortant viruses in ferrets and studied the changes that would allow these
viruses to spread via droplet transmission between separately caged animals. Both experiments
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have shown that only a handful of changes could convert a virus into one that is efficiently
transmissible in mammals (Herfst et al., 2012; Imai et al., 2012). Ferrets are the best mammalian
models for avian influenza. Similar to humans, they have a predominance of α-2,6 linked SA
in the upper airway and a lesser amount of α-2,3 linked SA on the respiratory epithelia
(Matsuoka et al., 2009). Imai et al. (2012) used a reassortant virus containing an H5 HA within
the background of pdmH1N1 virus. This virus was capable of droplet transmission in the ferret
model after acquiring 4 HA mutations: N158D, N224K, Q226L and T318I. In the sister
experiment, Herfst et al. (2012) modified an Indonesian strain of H5N1 by introducing 2 HA
mutations (Q222L and G224S) to a priori switch receptor affinity from α-2,3 linked SA to
α-2,6 linked SA and the E627K mutation in the PB2 to help the virus grow at the lower
temperature of the mammalian upper respiratory tract. This genetically modified virus became
airborne transmissible after acquiring 2 more HA mutations (H103Y and T156A) during serial
passage in ferrets, suggesting that H5N1 can potentially become airborne transmissible
between mammals without reassortment in an intermediate host. Although the starting points
in these 2 experiments were different, they selected for viruses with similar phenotypes
characterized by altered HA receptor specificity, loss of a glycosylation site and increased pH
stability of the HA. A comprehensive analysis of thousands of sequences from surveillance
data accumulated over the last 15 years revealed that 2 of these mutations are commonly found
in circulating H5N1 strains in some endemic countries, such as Egypt. Therefore, it may be
concluded that some viruses might require only 3 additional mutations to become airborne
transmissible between mammals in the wild (Russell et al., 2012). These elegant experiments
clearly showed that H5N1 pose a serious pandemic threat to humans, and therefore those
mutations have to be carefully monitored in all current and future surveillance efforts.
4.0 Concluding remarks
The future of influenza research seems to depend on an ability to marry the persistent efforts
of researchers to understand the mechanisms of viral infection and protection, (driven by the
need for effective vaccine) with the growing interest in understanding the origin and evolution
of new and continuing viral threats in nature. The advent of next generation and third generation
sequencing technology and other tools to examine viral and host dynamics in greater detail and
in higher throughput is already paying dividends in many areas of research in this field as
demonstrated by several experiments referred to in this review. However, even as a new
pandemic virus may erupt this season and dictate a need for intense study and vaccine
development, we should be mindful of the continuing need for investment in longer-term
projects to understand the basic immunology, evolution, and ecology of viruses in the wild.
These efforts will aid predictive models and have a major impact on the public health
preparedness for future pandemic threats. To push forward, influenza research must continue
towards becoming an interdisciplinary effort combining the work of ecologists, ornithologists,
epidemiologists, modelers, geneticists and molecular and cellular virologists as well as others.
The insights highlighted in this review along with new efforts to fill the gaps in the study of
wild virus and to unlock the molecular, ecological, and evolutionary criteria that govern the
formation of potential pandemic strains will help to clarify and mitigate the looming threat of
influenza to human and animal populations.
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NA neuraminidase
IAV influenza A virus
AIV avian influenza virus
PB1, PB2, and PA polymerase complex
NP nucleoprotein
M matrix
M2 matrix 2
NS non-structural
NEP nuclear export protein
MatAb maternal antibody
SA sialic acid
SGPs sialylglycopolymers
LPAI low pathogenic avian influenza
HPAI high, pathogenic avian influenza
RBD receptor binding domain
NLG N-linked glycosylated
References
Abbas MD, Nazir J, Stumpf P, Marschang RE. Role of water fleas (Daphnia magna) in the accumulation
of avian influenza viruses from the surrounding water. Intervirol. 2012; 55:365–371.
Ahn I, Jeong BJ, Bae SE, Jung J, Son HS. Genomic analysis of influenza A viruses, including avian flu
(H5N1) strains. Eur J Epidemiol. 2006; 21:511–519. [PubMed: 16858618]
Alerstam T, Hedenstrom A, Akesson S. Long-distance migration: evolution and determinants. Oikos.
2003; 103:247–260.
Alexander DJ. A review of avian influenza in different bird species. Vet Microbiol. 2000; 74:3–13.
[PubMed: 10799774]
Alexander DJ. An overview of the epidemiology of avian influenza. Vaccine. 2007; 25:5637–5644.
[PubMed: 17126960]
Alexander DJ, Brown IH. Recent zoonoses caused by influenza A viruses. Rev Sci Tech Off Int Epiz.
2000; 19:197–225.
Alexander PE, De P, Rave S. Is H9N2 avian influenza virus a pandemic potential? Can J Infect Dis Med
Microbiol. 2009; 20:e35–36. [PubMed: 20514156]
Alfonso CP, Cowen BS, van Campen H. Influenza A viruses isolated from waterfowl in two wildlife
management areas of Pennsylvania. J Wildl Dis. 1995; 31:179–185. [PubMed: 8583635]
Allen JE, Gardner SN, Vitalis EA, Slezak TR. Conserved amino acid markers from past influenza
pandemic strains. BMC Microbiol. 2009; 9:77. [PubMed: 19386124]
Altizer S, Bartel R, Han BA. Animal migration and infectious disease risk. Science. 2011; 331:296–
302296. [PubMed: 21252339]
Anthony SJ, Leger JAS, Pugllares K, Ip HS, Chan JM, Carpenter ZW, Navarrete-Maclas I, Sanchez-Leon
M, Sallki JT, Pedersen J, Karesh W, Daszak P, Rabadan R, Rowles T, Lipkin WI. Emergence of fatal
avian influenza in New England harbor seals. MBio. 2012; 3:e00166-00112. [PubMed: 22851656]
Bahl J, Vijaykrishna D, Holmes EC, Smith GJ, Guan Y. Gene flow and competitive exclusion of avian
influenza A virus in natural reservoir hosts. Virol. 2009; 390:289–297.
Runstadler et al. Page 28
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Becker WB. The isolation and classification of Tern virus: influenza A-Tern South Africa–1961. J Hyg.
1966; 64:309–320. [PubMed: 5223681]
Belser JA, Jayaraman A, Raman R, Pappas C, Zeng H, Cox NJ, Katz JM, Sasisekharan R, Tumpey TM.
Effect of D222G mutation in the hemagglutinin protein on receptor binding, pathogenesis and
transmissibility of the 2009 pandemic H1N1 influenza virus. PLoS One. 2011; 6:e25091. [PubMed:
21966421]
Bender C, Hall H, Huang J, Klimov A, Cox N, Hay A, Gregory V, Cameron K, Lim W, Subbarao K.
Characterization of the surface proteins of influenza A (H5N1) viruses isolated from humans in 1997–
1998. Virol. 1999; 254:115–123.
Bi J, Deng G, Dong J, Kong F, Li X, Xu Q, Zhang M, Zhao L, Qiao J. Phylogenetic and molecular
characterization of H9N2 influenza isolates from chickens in Northern China from 2007–2009. PLoS
One. 2010; 5:e13063. [PubMed: 20927364]
Blanc A, Ruchansky D, Clara M, Achaval F, Baas AL, Arbiza J. Serologic evidence of influenza A and
B viruses in South American Fur Seals (Arctocephalus australis). J Wildl Dis. 2009; 45:519–521.
[PubMed: 19395764]
Bogomolni AL, Gast RJ, Ellis JC, Dennett M, Pugliares KR, Lentell BJ, Moore MJ. Victims or vectors:
a survey of marine vertebrate zoonoses from coastal waters of the Northwest Atlantic. Dis Aquat
Org. 2008; 81:13–38. [PubMed: 18828560]
Boivin S, Cusack S, Ruigrok RW, Hart DJ. Influenza A virus polymerase: structural insights into
replication and host adaptation mechanisms. J Biol Chem. 2010; 285:28411–28417. [PubMed:
20538599]
Boni MF, Zhou Y, Taubenberger JK, Holmes EC. Homologous recombination is very rare or absent in
human influenza A virus. J Virol. 2008; 82:4807–4811. [PubMed: 18353939]
Boyce WM, Sandrock C, Kreuder-Johnson C, Kelly T, Cardona C. Avian influenza viruses in wild birds:
a moving target. Comp Immunol Microbiol Infect Dis. 2009; 32:275–286. [PubMed: 18456328]
Breban R, Drake JM, Stallknecht DE, Rohani P. The role of environmental transmission in recurrent
avian influenza epidemics. PLoS Comput Biol. 2009; 5:e1000346. [PubMed: 19360126]
Brown JD, Goekjian G, Poulson R, Valeika S, Stallknecht DE. Avian influenza virus in water: infectivity
is dependent on pH, salinity and temperature. Vet Microbiol. 2009; 136:20–26. [PubMed: 19081209]
Brown JD, Stallknecht DE, Beck JR, Suarez DL, Swayne DE. Susceptibility of North American ducks
and gulls to H5N1 highly pathogenic avian influenza viruses. Emerg Infect Dis. 2006; 12:1663–1670.
[PubMed: 17283615]
Brown JD, Swayne DE, Cooper RJ, Burns RE, Stallknecht DE. Persistence of H5 and H7 avian influenza
viruses in water. Avian Dis. 2007; 51:285–289. [PubMed: 17494568]
Butler D. Flu surveillance lacking. Nature. 2012; 483:520–522. [PubMed: 22460875]
Callan RJ, Early G, Kida H, Hinshaw VS. The appearance of H3 influenza viruses in seals. J Gen Virol.
1995; 76:199–203. [PubMed: 7844533]
Calle PP, Seagars DJ, McClave C, Senne D, House C, House JA. Viral and Bacterial Serology of Free-
Ranging Pacific Walrus. J Wildl Dis. 2002; 38:93–100. [PubMed: 11838234]
Calle PP, Seagars DJ, McClave C, Senne D, House C, House JA. Viral and Bacterail Serology of Six
Free-Ranging Bearded Seals Erignathus barbatus. Dis Aquat Org. 2008; 81:77–80. [PubMed:
18828565]
Campitelli L, Mogavero E, De Marco MA, Delogu M, Puzelli S, Frezza F, Facchini M, Chiapponi C,
Foni E, Cordioli P, Webby R, Barigazzi G, Webster RG, Donatelli I. Interspecies transmission of an
H7N3 influenza virus from wild birds to intensively reared domestic poultry in Italy. Virol. 2004;
323:24–36.
Capua I, Alexander DJ. Avian influenza and human health. Acta Trop. 2002; 83:1–6. [PubMed:
12062786]
Chandrasekaran A, Srinivasan A, Raman R, Viswanathan K, Raguram S, Tumpey TM, Sasisekharan V,
Sasisekharan R. Glycan topology determines human adaptation of avian H5N1 virus hemagglutinin.
Nat Biotechnol. 2008; 26:107–113. [PubMed: 18176555]
Chen GW, Chang SC, Mok CK, Lo YL, Kung YN, Huang JH, Shih YH, Wang JY, Chiang C, Chen CJ,
Shih SR. Genomic signatures of human versus avian influenza A viruses. Emerg Infect Dis. 2006a;
12:1353–1360. [PubMed: 17073083]
Runstadler et al. Page 29
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Chen H, Li Y, Li Z, Shi J, Shinya K, Deng G, Qi Q, Tian G, Fan S, Zhao H, Sun Y, Kawaoka Y. Properties
and dissemination of H5N1 viruses isolated during an influenza outbreak in migratory waterfowl in
western China. J Virol. 2006b; 80:5976–5983. [PubMed: 16731936]
Chen H, Smith GJ, Li KS, Wang J, Fan XH, Rayner JM, Vijaykrishna D, Zhang JX, Zhang LJ, Guo CT,
Cheung CL, Xu KM, Duan L, Huang K, Qin K, Leung YH, Wu WL, Lu HR, Chen Y, Xia NS,
Naipospos TS, Yuen KY, Hassan SS, Bahri S, Nguyen TD, Webster RG, Peiris JS, Guan Y.
Establishment of multiple sublineages of H5N1 influenza virus in Asia: implications for pandemic
control. Proc Natl Acad Sci U.S.A. 2006c; 103:2845–2850. [PubMed: 16473931]
Chen H, Smith GJ, Zhang SY, Qin K, Wang J, Li KS, Webster RG, Peiris JS, Guan Y. Avian flu: H5N1
virus outbreak in migratory waterfowl. Nature. 2005; 436:191–192. [PubMed: 16007072]
Chen R, Holmes EC. Avian influenza virus exhibits rapid evolutionary dynamics. Mol Biol Evol. 2006;
23:2336–2341. [PubMed: 16945980]
Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik I, Basta S, O’Neill R, Schickli J, Palese P,
Henklein P, Bennink JR, Yewdell JW. A novel influenza A virus mitochondrial protein that induces
cell death. Nat Med. 2001; 7:1306–1312. [PubMed: 11726970]
Chen W, Sun S, Li Z. Two glycosylation sites in H5N1 influenza virus hemagglutinin that affect binding
preference by computer-based analysis. PLoS One. 2012; 7:e38794. [PubMed: 22719948]
Cheng VC, To KK, Tse H, Hung IF, Yuen KY. Two years after pandemic influenza A/2009/H1N1: what
have we learned? Clin Microbiol Rev. 2012; 25:223–263. [PubMed: 22491771]
Claas ECJ, de Jong JC, van Beek R, Rimmelzwaan GF, Osterhaus ADME. Human influenza virus A/
HongKong/156/97 (H5N1) infection. Vaccine. 1998; 16:977–978. [PubMed: 9682346]
Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P. A single mutation in the PB1-F2 of H5N1
(HK/97) and 1918 influenza A viruses contributes to increased virulence. PLoS Pathog. 2007;
3:1414–1421. [PubMed: 17922571]
Cong YL, Pu J, Liu QF, Wang S, Zhang GZ, Zhang XL, Fan WX, Brown EG, Liu JH. Antigenic and
genetic characterization of H9N2 swine influenza viruses in China. J Gen Virol. 2007; 88:2035–
2041. [PubMed: 17554038]
Connor RJ, Kawaoka Y, Webster RG, Paulson JC. Receptor specificity in human, avian, and equine H2
and H3 influenza virus isolates. Virol. 1994; 205:17–23.
Costa T, Chaves AJ, Valle R, Darji A, van Riel D, Kuiken T, Majo N, Ramis A. Distribution patterns of
influenza virus receptors and viral attachment patterns in the respiratory and intestinal tracts of seven
avian species. Vet Res. 2012; 43:28. [PubMed: 22489675]
Costa TP, Brown JD, Howerth EW, Stallknecht DE. Variation in viral shedding patterns between different
wild bird species infected experimentally with low-pathogenicity avian influenza viruses that
originated from wild birds. Avian Pathol. 2011; 40:119–124. [PubMed: 21500030]
Danner GR, McGregor MW. Serologic Evidence of Influenza Virus Infection in a Ringed Seal (Phoca
hispida) from Alaska. Mar Mamm Sci. 1998; 14:380–384.
Das SR, Hensley SE, David A, Schmidt L, Gibbs JS, Puigbo P, Ince WL, Bennink JR, Yewdell JW.
Fitness costs limit influenza A virus hemagglutinin glycosylation as an immune evasion strategy.
Proc Natl Acad Sci U.S.A. 2011; 108:E1417–1422. [PubMed: 22106257]
Das SR, Puigbo P, Hensley SE, Hurt DE, Bennink JR, Yewdell JW. Glycosylation focuses sequence
variation in the influenza A virus H1 hemagglutinin globular domain. PLoS Pathog. 2010;
6:e1001211. [PubMed: 21124818]
Daszak P, Cunningham AA, Hyatt AD. Emerging infectious diseases of wildlife - threats to biodiversity
and human health. Science. 2000; 287:443–449. [PubMed: 10642539]
de Jong JC, Claas EC, Osterhaus AD, Webster RG, Lim WL. A pandemic warning? Nature. 1997;
389:554. [PubMed: 9335492]
De Marco MA, Foni E, Campitelli L, Delogu M, Raffini E, Chiapponi C, Barigazzi G, Cordioli P, Di
Trani L, Donatelli I. Influenza virus circulation in wild aquatic birds in Italy during H5N2 and H7N1
poultry epidemic periods (1998 to 2000). Avian Pathol. 2005; 34:480–485. [PubMed: 16537162]
De Marco MA, Foni GE, Campitelli L, Raffini E, Di Trani L, Delogu M, Guberti V, Barigazzi G, Donatelli
I. Circulation of influenza viruses in wild waterfowl wintering in Italy during the 1993–99 period:
evidence of virus shedding and seroconversion in wild ducks. Avian Dis. 2003; 47:861–866.
[PubMed: 14575078]
Runstadler et al. Page 30
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Deliberto TJ, Swafford SR, Nolte DL, Pedersen K, Lutman MW, Schmit BB, Baroch JA, Kohler DJ,
Franklin A. Surveillance for highly pathogenic avian influenza in wild birds in the USA. Integr Zool.
2009; 4:426–439. [PubMed: 21392315]
Domanska-Blicharz K, Minta Z, Smietanka K, Marche S, van den Berg T. H5N1 high pathogenicity
avian influenza virus survival in different types of water. Avian Dis. 2010; 54:734–737. [PubMed:
20521724]
Dong G, Luo J, Zhang H, Wang C, Duan M, Deliberto TJ, Nolte DL, Ji G, He H. Phylogenetic diversity
and genotypical complexity of H9N2 influenza A viruses revealed by genomic sequence analysis.
PLoS One. 2011; 6:e17212. [PubMed: 21386964]
Dong G, Xu C, Wang C, Wu B, Luo J, Zhang H, Nolte DL, Deliberto TJ, Duan M, Ji G, He H. Reassortant
H9N2 influenza viruses containing H5N1-like PB1 genes isolated from black-billed magpies in
Southern China. PloS One. 2011; 6:e25808. [PubMed: 21980538]
Driskel EA, Jones CA, Stallknecht DE, Howerth EW, Tompkins SM. Avian influenza virus isolates from
wild birds replicate and cause disease in a mouse model of infection. Virol. 2010; 399:280–289.
Driskell EA, Pickens JA, Humberd-Smith J, Gordy JT, Bradley KC, Steinhauer DA, Berghaus RD,
Stallknecht DE, Howerth EW, Tompkins SM. Low pathogenic avian influenza isolates from wild
birds replicate and transmit via contact in ferrets without prior adaptation. PLoS One. 2012; 7:e38067.
[PubMed: 22675507]
DuBois RM, Zaraket H, Reddivari M, Heath RJ, White SW, Russell CJ. Acid stability of the
hemagglutinin protein regulates H5N1 influenza virus pathogenicity. PLoS Pathog. 2011;
7:e1002398. [PubMed: 22144894]
Dugan VG, Chen R, Spiro DJ, Sengamalay N, Zaborsky J, Ghedin E, Nolting J, Swayne DE, Runstadler
JA, Happ GM, Senne D, Wang R, Slemons RD, Holmes EC, Taubenberger JK. The evolutionary
genetics and emergence of avian influenza viruses in wild birds. PLoS Pathog. 2008; 4:e1000076.
[PubMed: 18516303]
Ellis TM, Bousfield RB, Bissett LA, Dyrting KC, Luk GS, Tsim ST, Sturm-Ramirez K, Webster RG,
Guan Y, Malik Peiris JS. Investigation of outbreaks of highly pathogenic H5N1 avian influenza in
waterfowl and wild birds in Hong Kong in late 2002. Avian Pathol. 2004; 33:492–505. [PubMed:
15545029]
Fang LQ, de Vlas SJ, Liang S, Looman CW, Gong P, Xu B, Yan L, Yang H, Richardus JH, Cao WC.
Environmental factors contributing to the spread of H5N1 avian influenza in mainland China. PloS
One. 2008; 3:e2268. [PubMed: 18509468]
Faust C, Stallknecht D, Swayne D, Brown J. Filter-feeding bivalves can remove avian influenza viruses
from water and reduce infectivity. Proc Biol Sci Royal Soc. 2009; 276:3727–3735.
Fereidouni SR, Werner O, Starick E, Beer M, Harder TC, Aghakhan M, Modirrousta H, Amini H,
Moghaddam MK, Bozorghmehrifard MH, Akhavizadegan MA, Gaidet N, Newman SH, Hammoumi
S, Cattoli G, Globig A, Hoffmann B, Sehati ME, Masoodi S, Dodman T, Hagemeijer W, Mousakhani
S, Mettenleiter TC. Avian influenza virus monitoring in wintering waterbirds in Iran, 2003–2007.
Virol J. 2010; 7:43. [PubMed: 20167132]
Ferguson NM, Galvani AP, Bush RM. Ecological and immunological determinants of influenza
evolution. Nature. 2003; 422:428–433. [PubMed: 12660783]
Ferro PJ, Budke CM, Peterson MJ, Cox D, Roltsch E, Merendino T, Nelson M, Lupiani B. Multiyear
surveillance for avian influenza virus in waterfowl from wintering grounds, Texas coast, USA. Emerg
Infect Dis. 2010; 16:1224–1230. [PubMed: 20678315]
Finkelstein DB, Mukatira S, Mehta PK, Obenauer JC, Su X, Webster RG, Naeve CW. Persistent host
markers in pandemic and H5N1 influenza viruses. J Virol. 2007; 81:10292–10299. [PubMed:
17652405]
Flint PL. Applying the scientific method when assessing the influence of migratory birds on the dispersal
of H5N1. Virol J. 2007; 4:132. [PubMed: 18053215]
Flint PL, Ozaki K, Pearce JM, Guzzetti B, Higuchi H, Fleskes JP, Shimada T, Derksen DV. Breeding
season sympatry facilitates genetic exchange among allopatric wintering populations of northern
pintails in Japan and California. Condor. 2009; 111:591–598.
Fouchier RA, Munster VJ. Epidemiology of low pathogenic avian influenza viruses in wild birds. Rev
Sci Tech. 2009; 28:49–58. [PubMed: 19618618]
Runstadler et al. Page 31
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Fries AC, Slemons RD, Gibbs HL. Use of trace element profiles in feathers to establish residency status
of mallards (Anas platyrhynchos). J Wildl Dis. In press.
Fujii K, Kakumoto C, Kobayashi M, Saito S, Kariya T, Watanabe y, Sakoda Y, Kida H, Suzuki M.
Serological Evidence of Influenza A virus infection in Kuril harbor seals (Phoca vitulina
stejnegeri) of Hokkaido, Japan. Virol. 2007; 69:259–263.
Fusaro A, Monne I, Salviato A, Valastro V, Schivo A, Amarin NM, Gonzalez C, Ismail MM, Al-Ankari
AR, Al-Blowi MH, Khan OA, Maken Ali AS, Hedayati A, Garcia Garcia J, Ziay GM, Shoushtari A,
Al Qahtani KN, Capua I, Holmes EC, Cattoli G. Phylogeography and evolutionary history of
reassortant H9N2 viruses with potential human health implications. J Virol. 2011; 85:8413–8421.
[PubMed: 21680519]
Gabriel G, Abram M, Keiner B, Wagner R, Klenk HD, Stech J. Differential polymerase activity in avian
and mammalian cells determines host range of influenza virus. J Virol. 2007; 81:9601–9604.
[PubMed: 17567688]
Gabriel G, Dauber B, Wolff T, Planz O, Klenk HD, Stech J. Th e viral polymerase mediates adaptation
of an avian influenza virus to a mammalian host. Proc Natl Acad Sci U.S.AS. 2005; 102:18590–
18595.
Gaidet N, Cattoli G, Hammoumi S, Newman SH, Hagemeijer W, Takekawa JY, Cappelle J, Dodman T,
Joannis T, Gil P, Monne I, Fusaro A, Capua I, Manu S, Micheloni P, Ottosson U, Mshelbwala JH,
Lubroth J, Domenech J, Monicat F. Evidence of infection by H5N2 highly pathogenic avian influenza
viruses in healthy wild waterfowl. PLoS Pathog. 2008; 4:e1000127. [PubMed: 18704172]
Gaidet N, Gappelle J, Takekawa JY, Prosser DJ, Iverson SA, Douglas DC, Perry WM, Mundkur T,
Newman SH. Potential spread of highly pathogenic avian influenza H5N1 by wildfowl: dispersal
ranges and rates determined from large-scale satellite telemetry. J Appl Ecol. 2010; 47:1147–1157.
Gaidet N, Ould El Mamy AB, Cappelle J, Caron A, Cumming GS, Grosbois V, Gil P, Hammoumi S, de
Almeida RS, Fereidouni SR, Cattoli G, Abolnik C, Mundava J, Fofana B, Ndlovu M, Diawara Y,
Hurtado R, Newman SH, Dodman T, Balanca G. Investigating avian influenza infection hotspots in
Old-World shorebirds. PLoS One. 2012; 7:e46049. [PubMed: 23029383]
Gambaryan AS, Tuzikov AB, Bovin NV, Yamnikova SS, Lvv DK, Webster RG, Matrosovich MN.
Differences between influenza virus receptors on target cells of duck and chicken and receptor
specificity of the 1997 H5N1 chicken and human influenza viruses from Hong Kong. Avian Dis.
2003; 47:1154–1160. [PubMed: 14575133]
Gambaryan A, Yamnikova S, Lvov D, Tuzikov A, Chinarev A, Pazynina G, Webster R, Matrosovich M,
Bovin N. Receptor specificity of influenza viruses from birds and mammals: New data on involvment
of the inner fragments of the carbohydrate chain. Virol. 2005; 334:276–283.
Gao Y, Zhang Y, Shinya K, Deng G, Jiang Y, Li Z, Guan Y, Tian G, Li Y, Shi J, Liu L, Zeng X, Bu Z,
Xia X, Kawaoka Y, Chen H. Identification of amino acids in HA and PB2 critical for the transmission
of H5N1 avian influenza viruses in a mammalian host. PLoS Pathog. 2009; 5:e1000709. [PubMed:
20041223]
Garnier R, Ramos R, Staszewski V, Militao T, Lobato E, Gonzalez-Solis J, Boulinier T. Maternal antibody
persistence: a neglected life-history trait with implications from albatross conservation to
comparative immunology. Proc Biol Sci Royal Soc. 2012; 279:2033–2041.
Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions WM, Xu X, Skepner E, Deyde
V, Okomo-Adhiambo M, Gubareva L, Barnes J, Smith CB, Emery SL, Hillman MJ, Rivailler P,
Smagala J, de Graaf M, Burke DF, Fouchier RA, Pappas C, Alpuche-Aranda CM, Lopez-Gatell H,
Olivera H, Lopez I, Myers CA, Faix D, Blair PJ, Yu C, Keene KM, Dotson PD Jr, Boxrud D, Sambol
AR, Abid SH, St George K, Bannerman T, Moore AL, Stringer DJ, Blevins P, Demmler-Harrison
GJ, Ginsberg M, Kriner P, Waterman S, Smole S, Guevara HF, Belongia EA, Clark PA, Beatrice
ST, Donis R, Katz J, Finelli L, Bridges CB, Shaw M, Jernigan DB, Uyeki TM, Smith DJ, Klimov
AI, Cox NJ. Antigenic and genetic characteristics of swine-origin 2009 A(H1N1) influenza viruses
circulating in humans. Science. 2009; 325:197–201. [PubMed: 19465683]
Gauthier-Clerc M, Lebarbenchon C, Thomas F. Recent expansion of highly pathogenic avian influenza
H5N1: a critical review. Science. 2007; 149:202–214.
Geraci JR, Aubin DJS, Barker IK. Susceptibility of Grey (Halichoerus grypus) and Harp (Phoca
groenlandica) seals to the influenza virus and mycoplasma of epizootic pneumonia of harbor seals
(Phoca vitulina). Can J Fish Aquat Sci. 1984; 41:151–156.
Runstadler et al. Page 32
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Giannecchini S, Clausi V, Di Trani L, Falcone E, Terregino C, Toffan A, Cilloni F, Matrosovich M,
Gambaryan AS, Bovin NV, Delogu M, Capua I, Donatelli I, Azzi A. Molecular adaptation of an
H7N3 wild duck influenza virus following experimental multiple passages in quail and turkey. Virol.
2010; 408:167–173.
Gibbs AJ, Armstrong JS, Downie JC. From where did the 2009 ‘swine-origin’ influenza A virus (H1N1)
emerge? Virol J. 2009; 6:207. [PubMed: 19930669]
Gilbert M, Xiao X, Pfeiffer DU, Epprecht M, Boles S, Czarnecki C, Chaitaweesub P, Kalpravidh W,
Minh PQ, Otte MJ, Martin V, Slingenbergh J. Mapping H5N1 highly pathogenic avian influenza risk
in Southeast Asia. Proc Natl Acad Sci U.S.A. 2008; 105:4769–4774. [PubMed: 18362346]
Gill RE Jr, Tibbitts TL, Douglas DC, Handel CM, Mulcahy DM, Gottschalck JC, Warnock N, McCaffery
BJ, Battley PF, Piersma T. Extreme endurance flights by landbirds crossing the Pacific Ocean:
ecological corridor rather than barrier? Proc Roy Soc B. 2009; 279:447–457.
Gill JS, Webby R, Gilchrist MJ, Gray GC. Avian influenza among waterfowl hunters and wildlife
professionals. Emerg Infect Dis. 2006; 12:1284–1286. [PubMed: 16965717]
Gilsdorf A, Boxall N, Gasimov V, Agayev I, Mammadzade F, Ursu P, Gasimov E, Brown C, Mardel S,
Jankovic D, Pimentel G, Ayoub IA, Elassal EM, Salvi C, Legros D, Pessoa da Silva C, Hay A,
Andraghetti R, Rodier G, Ganter B. Two clusters of human infection with influenza A/H5N1 virus
in the Republic of Azerbaijan, February-March 2006. Euro Surveill. 2006; 11:122–126. [PubMed:
16757853]
Gray GC, Ferguson DD, Lowther PE, Heil GL, Friary JA. A national study of US bird banders for evidence
of avian influenza virus infections. J Clin Virol. 2011; 51:132–135. [PubMed: 21530384]
Greig, DJ. Health, Disease, Mortality and Survival in Wild and Rehabilitated Harbor Seals (Phoca
vitulina) in San Francisco Bay and Along the Central California Coast, School of Biology. University
of St Andrews; 2011. p. 197
Guan Y, Peiris JS, Lipatov AS, Ellis TM, Dyrting KC, Krauss S, Zhang LJ, Webster RG, Shortridge KF.
Emergence of multiple genotypes of H5N1 avian influenza viruses in Hong Kong SAR. Proc Natl
Acad Sci U.S.A. 2002; 99:8950–8955. [PubMed: 12077307]
Guan Y, Shortridge KF, Krauss S, Li PH, Kawaoka Y, Webster RG. Emergence of avain H1N1 influenza
viruses in pigs in China. J Virol. 1996; 70:8041–8046. [PubMed: 8892928]
Guan Y, Shortridge KF, Krauss S, Webster RG. Molecular characterization of H9N2 influenza viruses:
were they the donors of the “internal” gene s of H5N1 viruses in Hong Kong? Proc Natl Acad Sci
U.S.A. 1999; 96:9363–9367. [PubMed: 10430948]
Guberti V, Scremin M, Busani L, Bonfanti L, Terregino C. A simulation model for low-pathogenicity
avian influenza viruses in dabbling ducks in Europe. Avian Dis. 2007; 51:275–278. [PubMed:
17494566]
Gunnarsson G, Latorre-Margalef N, Hobson KA, Van Wilgenburg SL, Elmberg J, Olsen B, Fouchier
RA, Waldenstrom J. Disease dynamics and bird migration–linking mallards Anas platyrhynchos and
subtype diversity of the influenza A virus in time and space. PLoS One. 2012; 7:e35679. [PubMed:
22536424]
Hall JS, Bentler KT, Landolt G, Elmore SA, Minnis RB, Campbell TA, Barras SC, Root JJ, Pilon J,
Pabilonia K, Driscoll C, Slate D, Sullivan H, McLean RG. Influenza infection in wild raccoons.
Emerg Infect Dis. 2008; 14:1842–1848. [PubMed: 19046505]
Halvorson D, Karunakaran D, Senne D, Kelleher C, Bailey C, Abraham A, Hinshaw V, Newman J.
Epizootiology of avian influenza–simultaneous monitoring of sentinel ducks and turkeys in
Minnesota. Avian Dis. 1983; 27:77–85. [PubMed: 6847552]
Hammouda A, Pearce-Duvet J, Chokri MA, Arnal A, Gauthier-Clerc M, Boulinier T, Selmi S. Prevalence
of Influenza A antibodies in yellow-legged gull (Larus michahellis) eggs and adults in Southern
Tunisia. Vector-Borne Zoon Dis. 2011; 11:1583–1590.
Hass J, Matuszewski S, Cieslik D, Haase M. The role of swine as “mixing vessel” for interspecies
transmission of the influenza A subtype H1N1: a simultaneous Bayesian inference of phylogeny
and ancestral hosts. Infect Genet Evol. 2011; 11:437–441. [PubMed: 21163369]
Heijnen L, Medema G. Surveillance of influenza A and the pandemic influenza A (H1N1) 2009 in sewage
and surface water in the Netherlands. J Water Health. 2009; 9:434–442. [PubMed: 21976191]
Runstadler et al. Page 33
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Heitmeyer ME, Fredrickson LH, Humburg DD. Further evidence of biases associated with hunter-killed
mallards. J Wildl Manag. 1993; 57:733–740.
Henaux V, Samuel MD, Dusek RJ, Fleskes JP, Ip HS. Presence of avian influenza viruses in waterfowl
and wetlands during summer 2010 in California: are resident birds a potential reservoir? PloS One.
2012; 7:e31471. [PubMed: 22328934]
Herfst S, Chutinimitkul S, Ye J, de Wit E, Munster VJ, Schrauwen EJ, Bestebroer TM, Jonges M, Meijer
A, Koopmans M, Rimmelzwaan GF, Osterhaus AD, Perez DR, Fouchier RA. Introduction of
virulence markers in PB2 of pandemic swine-origin influenza virus does not result in enhanced
virulence or transmission. J Virol. 2010; 84:3752–3758. [PubMed: 20130063]
Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E, Munster VJ, Sorrell EM, Bestebroer TM,
Burke DF, Smith DJ, Rimmelzwaan GF, Osterhaus AD, Fouchier RA. Airborne transmission of
influenza A/H5N1 virus between ferrets. Science. 2012; 336:1534–1541. [PubMed: 22723413]
Hill NJ, Takekawa JY, Ackerman JT, Hobson KA, Herring G, Cardona CJ, Runstadler JA, Boyce WM.
Migration strategy affects avian influenza dynamics in mallards (Anas platyrhynchos). Mol Ecol.
2012a; 21:5986–5999. [PubMed: 22971007]
Hill NJ, Takekawa JY, Cardona CJ, Meixell BW, Ackerman JT, Runstadler JA, Boyce WM. Cross-
seasonal patterns of avian influenza virus in breeding and wintering migratory birds: a flyway
perspective. Vector Borne Zoon Dis. 2012b; 12:243–253.
Hinshaw VS, Bean WJ, Geraci J, Fiorelli P, Early G, Webster RG. Characterization of Two Influenza A
Viruses from a Pilot Whale. J Virol. 1986; 58:655–656. [PubMed: 3701925]
Hinshaw VS, Bean WJ, Webster RG, Rehg JE, Fiorelli P, Early G, Geraci JR, Aubin DJS. Are seals
frequently infected with avian influenza viruses? J Virol. 1984; 51:863–865. [PubMed: 6471169]
Hinshaw VS, Webster RG, Easterday BC, William J, Bean J. Replication of avian invluenza A viruses
in mammals. Infect Immun. 1981; 34:354–361. [PubMed: 7309229]
Hinshaw VS, Webster RG, Turner B. Water-bone transmission of influenza A viruses? Intervirol. 1979;
11:66–68.
Hinshaw VS, Webster RG, Turner B. The perpetuation of orthomyxoviruses and paramyxoviruses in
Canadian waterfowl. Can J Microbiol. 1980; 26:622–629. [PubMed: 7397605]
Hinshaw VS, Wood JM, Webster RG, Deibel R, Turner B. Circulation of influenza viruses and
paramyxoviruses in waterfowl originating from two different areas of North America. B World
Health Organ. 1985; 63:711–719.
Hirst M, Astell CR, Griffith M, Coughlin SM, Moksa M, Zeng T, Smailus DE, Holt RA, Jones S, Marra
MA, Petric M, Krajden M, Lawrence D, Mak A, Chow R, Skowronski DM, Tweed SA, Goh S,
Brunham RC, Robinson J, Bowes V, Sojonky K, Byrne SK, Li Y, Kobasa D, Booth T, Paetzel M.
Novel avian influenza H7N3 strain outbreak, British Columbia. Emerg Infect Dis. 2004; 10:2192–
2195. [PubMed: 15663859]
Homme PJ, Easterday BC. Avian influenza virus infections. I. Characteristics of influenza A-turkey-
Wisconsin-1966 virus. Avian Dis. 1970; 14:66–74. [PubMed: 4314007]
Horimoto T, Maeda K, Murakami S, Kiso M, Iwatsuki-Horimoto K, Sashika M, Ito T, Suzuki K,
Yokoyama M, Kawaoka Y. Highly pathogenic avian influenza virus infection in feral raccoons,
Japan. Emerg Infect Dis. 2011; 17:714–717. [PubMed: 21470469]
Horm SV, Gutierrez RA, Sorn S, Buchy P. Environment: a potential source of animal and human infection
with influenza A (H5N1) virus. Influenza Other Respir Viruses. 2012; 6:442–448.
Hossain MJ, Hickman D, Perez DR. Evidence of expanded host range and mammalian-associated genetic
changes in a duck H9N2 influenza virus following adaptation in quail and chickens. PLoS One.
2008; 3:e3170. [PubMed: 18779858]
Hoye BJ, Munster VJ, Nishiura H, Fouchier RAM, Madsen J, Klaassen M. Reconstructing an annual
cycle of interaction: natural infection and antibody dynamics to avian influenza along a migratory
flyway. Oikos. 2010a; 120:748–755.
Hoye BJ, Munster VJ, Nishiura H, Klaassen M, Fouchier RA. Surveillance of wild birds for avian
influenza virus. Emerg Infect Dis. 2010b; 16:1827–1834. [PubMed: 21122209]
Hulse-Post DJ, Franks J, Boyd K, Salomon R, Hoffmann E, Yen HL, Webby RJ, Walker D, Nguyen TD,
Webster RG. Molecular changes in the polymerase genes (PA and PB1) associated with high
Runstadler et al. Page 34
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
pathogenicity of H5N1 influenza virus in mallard ducks. J Virol. 2007; 81:8515–8524. [PubMed:
17553873]
Hulse-Post DJ, Sturm-Ram irez KM, Humberd J, Seiler P, Govorkova EA, Krauss S, Scholtissek C,
Puthavathana P, Buranathai C, Nguyen TD, Long HT, Naipospos TS, Chen H, Ellis TM, Guan Y,
Peiris JS, Webster RG. Role of domestic ducks in the propagation and biological evolution of highly
pathogenic H5N1 influenza viruses in Asia. Proc Natl Acad Sci U.S.A. 2005; 102:10682–10687.
[PubMed: 16030144]
Hunt TD, Ziccardi MH, Gulland FMD, Yochem PK, Hird DW, Rowles T, Mazet JAK. Health risks for
marine mammal workers. Dis Aquat Org. 2008; 81:81–92. [PubMed: 18828566]
Huyvaert KP, Carlson JS, Bentler KT, Cobble KR, Nolte DL, Franklin AB. Freshwater clams as
bioconcentrators of avian influenza virus in water. Vector Borne Zoon Dis. 2012; 12:904–906.
Imai M, Kawaoka Y. The role of receptor binding specificity in interspecies transmission of influenza
viruses. Curr Opin Virol. 2012; 2:160–167. [PubMed: 22445963]
Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, Shinya K, Zhong G, Hanson A, Katsura H, Watanabe
S, Li C, Kawakami E, Yamada S, Kiso M, Suzuki Y, Maher EA, Neumann G, Kawaoka Y.
Experimental adaptation of an influenza H5 HA confers respiratory droplet transmission to a
reassortant H5 HA/H1N1 virus in ferrets. Nature. 2012; 486:420–428. [PubMed: 22722205]
Ip HS, Flint PL, Franson JC, Dusek RJ, Derksen DV, Gill RE Jr, Ely CR, Pearce JM, Lanctot RB,
Matsuoka SM, Irons DB, Fischer JB, Oates RM, Petersen MR, Fondell TF, Rocque DA, Pedersen
JC, Rothe TC. Prevalence of Influenza A viruses in wild migratory birds in Alaska: patterns of
variation in detection at a crossroads of intercontinental flyways. Virol J. 2008; 5:71. [PubMed:
18533040]
Irwin CK, Yoon KJ, Wang C, Hoff SJ, Zimmerman JJ, Denagamage T, O’Connor AM. Using the
systematic review methodology to evaluate factors that influence the persistence of influenza virus
in environmental matrices. Appl Environ Microbiol. 2011; 77:1049–1060. [PubMed: 21148699]
Ito T, Kawaoka Y, Nomura A, Otsuki K. Receptor Specificity of Influenza A Viruses from Sea Mammals
Correlates with Lung Sialyloligosaccharides in These Animals. J Vet Med Sci. 1999; 61:955–958.
[PubMed: 10487239]
Ito T, Okazaki K, Kawaoka Y, Takada A, Webster RG, Kida H. Perpetuation of influenza A viruses in
Alaskan waterfowl reservoirs. Arch Virol. 1995; 140:1163–1172. [PubMed: 7646350]
Ito T, Suzuki Y, Suzuki T, Takada A, Horimoto T, Wells K, Kida H, Otsuki K, Kiso M, Ishida H, Kawaoka
Y. Recognition of N-glycolylneuraminic acid linked to galactose by the alpha2,3 linkage is
associated with intestinal replication of influenza A virus in ducks. J Virol. 2000; 74:9300–9305.
[PubMed: 10982377]
Jagger BW, Memoli MJ, Sheng ZM, Qi L, Hrabal RJ, Allen GL, Dugan VG, Wang R, Digard P, Kash
JC, Taubenberger JK. The PB2-E627K mutation attenuates viruses containing the 2009 H1N1
influenza pandemic polymerase. MBio. 2010; 1:e00067–10. [PubMed: 20689744]
Jagger BW, Wise HM, Kash JC, Walters KA, Wills NM, Xiao Y-L, Dunfee RL, Schwartzman LM,
Ozinsky A, Bell GL, Dalton RM, Lo A, Efstathiou S, Atkins JF, Firth AE, Taubenberger JK, Digard
P. An Overlapping Protein-Coding Region in Influenza A Virus Segment 3 Modulates the Host
Response. Science. 2012; 337:199–204. [PubMed: 22745253]
Jourdain E, Gunnarsson G, Wahlgren J, Latorre-Margalef N, Brojer C, Sahlin S, Svensson L,
Waldenstrom J, Lundkvist A, Olsen B. Influenza virus in a natural host, the mallard: experimental
infection data. PLoS One. 2010; 5:e8935. [PubMed: 20126617]
Jourdain E, van Riel D, Munster VJ, Kuiken T, Waldenstrom J, Olsen B, Ellstrom P. The pattern of
influenza virus attachment varies among wild bird species. PLoS One. 2011; 6:e24155. [PubMed:
21909418]
Kalthoff D, Breithaupt A, Teifke JP, Globig A, Harder T, Mettenleiter TC, Beer M. Highly pathogenic
avian influenza virus (H5N1) in experimentally infected adult mute swans. Emerg Infect Dis. 2008;
14:1267–1270. [PubMed: 18680652]
Karasin AI, Brown IH, Carman S, Olsen CW. Isolation and characterization of H4N6 avian influenza
viruses from pigs with pneumonia in Canada. J Virol. 2000; 74:9322–9327. [PubMed: 10982381]
Kasamatu F, Nishiwaki S, Ishikawa H. Breeding areas and southbound mirgrations of southern minke
whales Balaenoptera acutorostrata. Mar Ecol Prog Ser. 1995; 119:1–10.
Runstadler et al. Page 35
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Kawaoka Y, Chambers TM, Sladen WL, Webster RG. Is the gene pool of influenza viruses in shorebirds
and gulls different from that in wild ducks? Virol. 1988; 163:247–250.
Keawcharoen J, van Riel D, van Amerongen G, Bestebroer T, Beyer WE, van Lavieren R, Osterhaus
AD, Fouchier RA, Kuiken T. Wild ducks as long-distance vectors of highly pathogenic avian
influenza virus (H5N1). Emerg Infect Dis. 2008; 14:600–607. [PubMed: 18394278]
Keeler SP, Berghaus RD, Stallknecht DE. Persistence of low pathogenic avian influenza viruses in filtered
surface water from waterfowl habitats in Georgia, USA. J Wildl Dis. 2012; 48:999–1009. [PubMed:
23060501]
Kida H, Brown LE, Webster RG. Biological activity of monoclonal antibodies to operationally defined
antigenic regions on the hemagglutinin molecule of A/Seal/Massachusetts/1/80 (H7N7) influenza
virus. Virol. 1982; 122:38–47.
Kilpatrick AM, Chmura AA, Gibbons DW, Fleischer RC, Marra PP, Daszak P. Predicting the global
spread of H5N1 avian influenza. Proc Natl Acad Sci U.S.A. 2006; 103:19368–19373. [PubMed:
17158217]
Kim JI, Park MS. N-linked glycosylation in the hemagglutinin of influenza a viruses. Yonsei Med J.
2012; 53:886–893. [PubMed: 22869469]
Kimble JB, Sorrell E, Shao H, Martin PL, Perez DR. Compatibility of H9N2 avian influenza surface
genes and 2009 pandemic H1N1 internal genes for transmission in the ferret model. Proc Natl Acad
Sci U.S.A. 2011; 108:12084–12088. [PubMed: 21730147]
Krauss S, Obert CA, Franks J, Walker D, Jones K, Seiler P, Niles L, Pryor SP, Obenauer JC, Naeve CW,
Widjaja L, Webby RJ, Webster RG. Influenza in migratory birds and evidence of limited
intercontinental virus exchange. PLoS Pathog. 2007; 3:e167. [PubMed: 17997603]
Krauss S, Walker D, Pryor SP, Niles L, Chenghong L, Hinshaw VS, Webster RG. Influenza A viruses
of migrating wild aquatic birds in North America. Vector Borne Zoon Dis. 2004; 4:177–189.
Krauss S, Webster RG. Avian influenza virus surveillance and wild birds: past and present. Avian Dis.
2010; 54:394–398. [PubMed: 20521668]
Kuchipudi SV, Nelli R, White GA, Bain M, Chang KC, Dunham S. Differences in influenza virus
receptors in chickens and ducks: Implications for interspecies transmission. J Mol Genet Med. 2009;
3:143–151. [PubMed: 19565022]
Kuzmin IV, Shi M, Orciari LA, Yager PA, Velasco-Villa A, Kuzmina NA, Streicker DG, Bergman DL,
Rupprecht CE. Molecular inferences suggest multiple host shifts of rabies viruses from bats to
mesocarnivores in Arizona during 2001–2009. PLoS Pathog. 2012; 8:e1002786. [PubMed:
22737076]
Kwon YK, Joh SJ, Kim MC, Lee YJ, Choi JG, Lee EK, Wee SH, Sung HW, Kwon JH, Kang MI, Kim
JH. Highly pathogenic avian influenza in magpies (Pica pica sericea) in South Korea. J Wildl Dis.
2005; 41:618–623. [PubMed: 16244075]
Labadie K, Dos Santos Afonso E, Rameix-Welti MA, van der Werf S, Naffakh N. Host-range
determinants on the PB2 protein of influenza A viruses control the interaction between the viral
polymerase and nucleoprotein in human cells. Virol. 2007; 362:271–282.
Lam TT, Ip HS, Ghedin E, Wentworth DE, Halpin RA, Stockwell TB, Spiro DJ, Dusek RJ, Bortner JB,
Hoskins J, Bales BD, Yparraguirre DR, Holmes EC. Migratory flyway and geographical distance
are barriers to the gene flow of influenza virus among North American birds. Ecol Lett. 2012; 15:24–
33. [PubMed: 22008513]
Lang AS, Kelly A, Runstadler JA. Prevalence and diversity of avian influenza viruses in environmental
reservoirs. J Gen Virol. 2008; 89:509–519. [PubMed: 18198382]
Lang G, Gagnon A, Geraci JR. Isolation of an influenza A virus from seals. Arch Virol. 1981; 68:189–
195. [PubMed: 6168245]
Laudert E, Sivanandan V, Halvorson D, Shaw D, Webster RG. Biological and molecular characterization
of H13N2 influenza type A viruses isolated from turkeys and surface water. Avian Dis. 1993;
37:793–799. [PubMed: 8257373]
Lebarbenchon C, Brown SP, Poulin R, Gauthier-Clerc M, Thomas F. Evolution of pathogens in a man-
made world. Mol Ecol. 2008; 17:475–484. [PubMed: 18173509]
Runstadler et al. Page 36
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Lebarbenchon C, Feare CJ, Renaud F, Thomas F, Gauthier-Clerc M. Persistence of highly pathogenic
avian influenza viruses in natural ecosystems. Emerg Infect Dis. 2010; 16:1057–1062. [PubMed:
20587174]
Lebarbenchon C, Sreevatsan S, Lefevre T, Yang M, Ramakrishnan MA, Brown JD, Stallknecht DE.
Reassortant influenza A viruses in wild duck populations: effects on viral shedding and persistence
in water. Proc Biol Sci Royal Soc. 2012; 279:3967–3975.
Lebarbenchon C, Yang M, Keeler SP, Ramakrishnan MA, Brown JD, Stallknecht DE, Sreevatsan S. Viral
replication, persistence in water and genetic characterization of two influenza A viruses isolated
from surface lake water. PloS One. 2011; 6:e26566. [PubMed: 22028909]
Lee CW, Suarez DL, Tumpey TM, Sung HW, Kwon YK, Lee YJ, Choi JG, Joh SJ, Kim MC, Lee EK,
Park JM, Lu X, Katz JM, Spackman E, Swayne DE, Kim JH. Characterization of highly pathogenic
H5N1 avian influenza A viruses isolated from South Korea. J Virol. 2005; 79:3692–3702. [PubMed:
15731263]
Lee KA, Wikelski M, Robinson WD, Robinson TR, Klasing KC. Constitutive immune defences correlate
with life-history variables in tropical birds. J Anim Ecol. 2008; 77:356–363. [PubMed: 18194261]
Leung YH, Zhang LJ, Chow CK, Tsang CL, Ng CF, Wong CK, Guan Y, Peiris JS. Poultry drinking water
used for avian influenza surveillance. Emerg Infect Dis. 2007; 13:1380–1382. [PubMed: 18252115]
Li J, Cardona CJ. Adaptation and transmission of a wild duck avian influenza isolate in chickens. Avian
Dis. 2010; 54:586–590. [PubMed: 20521699]
Li J, zu Dohna H, Anchell NL, Adams SC, Dao NT, Xing Z, Cardona CJ. Adaptation and transmission
of a duck-origin avian influenza virus in poultry species. Virus Res. 2010; 147:40–46. [PubMed:
19835919]
Li J, Zu Dohna H, Cardona CJ, Miller J, Carpenter TE. Emergence and genetic variation of neuraminidase
stalk deletions in avian influenza viruses. PLoS One. 2011; 6:e14722. [PubMed: 21373190]
Li KS, Xu KM, Peiris JS, Poon LL, Yu KZ, Yuen KY, Shortridge KF, Webster RG, Guan Y.
Characterization of H9 subtype influenza viruses from the ducks of southern China: a candidate for
the next influenza pandemic in humans? J Virol. 2003; 77:6988–6994. [PubMed: 12768017]
Li Z, Chen H, Jiao P, Deng G, Tian G, Li Y, Hoffmann E, Webster RG, Matsuoka Y, Yu K. Molecular
basis of replication of duck H5N1 influenza viruses in a mammalian mouse model. J Virol. 2005;
79:12058–12064. [PubMed: 16140781]
Lin YP, Shaw M, Gregory V, Cameron K, Lim W, Klimov A, Subbarao K, Guan Y, Krauss S, Shortridge
K, Webster R, Cox N, Hay A. Avian-to-human transmission of H9N2 subtype influenza A viruses:
relationship between H9N2 and H5N1 human isolates. Proc Natl Acad Sci U.S.A. 2000; 97:9654–
9658. [PubMed: 10920197]
Liu J, Xiao H, Lei F, Zhu Q, Qin K, Zhang XW, Zhang XL, Zhao D, Wang G, Feng Y, Ma J, Liu W,
Wang J, Gao GF. Highly pathogenic H5N1 influenza virus infection in migratory birds. Science.
2005; 309:1206. [PubMed: 16000410]
Liu JH, Okazaki K, Bai GR, Shi WM, Mweene A, Kida H. Interregional transmission of the internal
protein genes of H2 influenza virus in migratory ducks from North America to Eurasia. Virus Genes.
2004; 29:81–86. [PubMed: 15215686]
Liu JH, Okazaki K, Shi WM, Kida H. Phylogenetic analysis of hemagglutinin and neuraminidase genes
of H9N2 viruses isolated from migratory ducks. Virus Genes. 2003; 27:291–296. [PubMed:
14618090]
Liu SS, Higgins DA. Yolk sac transmission and post-hatching onto g eny of serum immunoglobulins in
the duck (Anas platyrhynchos). Comp Biochem Physiol B-Biochem Mol Biol. 1990; 97:637–644.
Liu X, Wu C, Chen AY. Codon usage bias and recombination events for neuraminidase and hemagglutinin
genes in Chinese isolates of influenza A virus subtype H9N2. Arch Virol. 2010; 155:685–693.
[PubMed: 20300785]
Lowen AC, Mubareka S, Steel J, Palese P. Influenza virus transmission is dependent on relative humidity
and temperature. PLoS Pathog. 2007; 3:1470–1476. [PubMed: 17953482]
Lowen AC, Steel J, Mubareka S, Palese P. High temperature (30 degrees C) blocks aerosol but not contact
transmission of influenza virus. J Virol. 2008; 82:5650–5652. [PubMed: 18367530]
Runstadler et al. Page 37
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Lu B, Zhou H, Ye D, Kemble G, Jin H. Improvement of influenza A/Fujian/411/02 (H3N2) virus growth
in embryonated chicken eggs by balancing the hemagglutinin and neuraminidase activities, using
reverse genetics. J Virol. 2005; 79:6763–6771. [PubMed: 15890915]
Lvov DK, Zdanov VM, Sazonov AA, Braude NA, Vladimirtceva EA, Agafonova LV, Skijanskaja EI,
Kaverin NV, Reznik VI, Pysina TV, Oserovic AM, Berzin AA, Mjasnikova IA, Podcernjaeva RY,
Klimenko SM, Andrejev VP, Yakhno MA. Comparison of influenza viruses isolated from man and
from whales. Bull World Health Org. 1978; 56:923–930. [PubMed: 310734]
Maines TR, Chen LM, Matsuoka Y, Chen H, Rowe T, Ortin J, Falcon A, Nguyen TH, Mai le Q,
Sedyaningsih ER, Harun S, Tumpey TM, Donis RO, Cox NJ, Subbarao K, Katz JM. Lack of
transmission of H5N1 avian-human reassortant influenza viruses in a ferret model. Proc Natl Acad
Sci U.S.A. 2006; 103:12121–12126. [PubMed: 16880383]
Makarova NV, Kaverin NV, Krauss S, Senne D, Webster RG. Transmission of Eurasian avian H2
influenza virus to shorebirds in North America. J Gen Virol. 1999; 80:3167–3171. [PubMed:
10567648]
Makarova NV, Ozaki H, Kida H, Webster RG, Perez DR. Replication and transmission of influenza
viruses in Japanese quail. Virol. 2003; 310:8–15.
Mandler J, Gorman OT, Ludwig S, Schroeder E, Fitch WM, Webster RG, Scholtissek C. Derivation of
the nucleoproteins (NP) of influenza A viruses isolated from marine mammals. Virol. 1990;
176:255–261.
Markwell DD, Shortridge KF. Possible waterborne transmission and maintenance of influenza viruses
in domestic ducks. Appl Environ Microbiol. 1982; 43:110–115. [PubMed: 7055370]
Martin V, Pfeiffer DU, Zhou X, Xiao X, Prosser DJ, Guo F, Gilbert M. Spatial distribution and risk factors
of highly pathogenic avian influenza (HPAI) H5N1 in China. PLoS Pathog. 2011; 7:e1001308.
[PubMed: 21408202]
Matrosovich M, Stech J, Klenk HD. Influenza receptors, polymerase and host range. Rev Sci Tech. 2009;
28:203–217. [PubMed: 19618627]
Matrosovich M, Tuzikov A, Bovin N, Gambaryan A, Klimov A, Castrucci MR, Donatelli I, Kawaoka
Y. Early alterations of the receptor-binding properties of H1, H2, and H3 avian influenza virus
hemagglutinins after their introduction into mammals. J Virol. 2000; 74:8502–8512. [PubMed:
10954551]
Matrosovich M, Zhou N, Kawaoka Y, Webster R. The surface glycoproteins of H5 influenza viruses
isolated from humans, chickens, and wild aquatic birds have distinguishable properties. J Virol.
1999; 73:1146–1155. [PubMed: 9882316]
Matrosovich, MN.; Gambaryan, AS.; Klenk, HD. Receptor specificity of influenza viruses and its
alteration during interspecies transmission. In: Klenk, H-D.; Matrosovich, MN.; Stech, J., editors.
Avian Influenza (Monographs in Virology). Karger, Basel; Switzerland: 2008. p. 134-155.
Matrosovich MN, Krauss S, Webster RG. H9N2 influenza A viruses from poultry in Asia have human
virus-like receptor specificity. Virol. 2001; 281:156–162.
Matsuoka Y, Lamirande EW, Subbarao K. The ferret model for influenza. Curr Protoc Microbiol Chapter.
2009; 15 Unit 15G 12.
Medina RA, Garcia-Sastre A. Influenza A viruses: new research developments. Nat Rev Microbiol. 2011;
9:590–603. [PubMed: 21747392]
Mehle A, Doudna JA. Adaptive strategies of the influenza virus polymerase for replication in humans.
Proc Natl Acad Sci U.S.A. 2009; 106:21312–21316. [PubMed: 19995968]
Mehle A, Dugan VG, Taubenberger JK, Doudna JA. Reassortment and mutation of the avian influenza
virus polymerase PA subunit overcome species barriers. J Virol. 2012; 86:1750–1757. [PubMed:
22090127]
Melville DS, Shortridge KF. Spread of H5N1 avian influenza virus: an ecological conundrum. Lett Appl
Microbiol. 2006; 42:435–437. [PubMed: 16620199]
Mitnaul LJ, Matrosovich MN, Castrucci MR, Tuzikov AB, Bovin NV, Kobasa D, Kawaoka Y. Balanced
hemagglutinin and neuraminidase activities are critical for efficient replication of influenza A virus.
J Virol. 2000; 74:6015–6020. [PubMed: 10846083]
Runstadler et al. Page 38
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Mok CK, Yen HL, Yu MY, Yuen KM, Sia SF, Chan MC, Qin G, Tu WW, Peiris JS. Amino acid residues
253 and 591 of the PB2 protein of avian influenza virus A H9N2 contribute to mammalian
pathogenesis. J Virol. 2011; 85:9641–9645. [PubMed: 21734052]
Monto AS, Comanor L, Shay DK, Thompson WW. Epidemiology of pandemic influenza: use of
surveillance and modeling for pandemic preparedness. J Infect Dis. 2006; 194:S92–97. [PubMed:
17163395]
Morens DM, Taubenberger JK, Folkers GK, Fauci AS. Pandemic influenza’s 500th anniversary. Clin
Infect Dis. 2010; 51:1442–1444. [PubMed: 21067353]
Mundt E, Gay L, Jones L, Saavedra G, Tompkins SM, Tripp RA. Replication and pathogenesis associated
with H5N1, H5N2, and H5N3 low-pathogenic avian influenza virus infection in chickens and ducks.
Arch Virol. 2009; 154:1241–1248. [PubMed: 19575275]
Munier S, Larcher T, Cormier-Aline F, Soubieux D, Su B, Guigand L, Labrosse B, Cherel Y, Quere P,
Marc D, Naffakh N. A genetically engineered waterfowl influenza virus with a deletion in the stalk
of the neuraminidase has increased virulence for chickens. J Virol. 2010; 84:940–952. [PubMed:
19889765]
Munster VJ, Baas C, Lexmond P, Bestebroer TM, Guldemeester J, Beyer WE, de Wit E, Schutten M,
Rimmelzwaan GF, Osterhaus AD, Fouchier RA. Practical considerations for high-throughput
influenza A virus surveillance studies of wild birds by use of molecular diagnostic tests. J Clin
Microbiol. 2009; 47:666–673. [PubMed: 19109483]
Munster VJ, Baas C, Lexmond P, Waldenstrom J, Wallensten A, Fransson T, Rimmelzwaan GF, Beyer
WE, Schutten M, Olsen B, Osterhaus AD, Fouchier RA. Spatial, temporal, and species variation in
prevalence of influenza A viruses in wild migratory birds. PLoS Pathog. 2007; 3:e61. [PubMed:
17500589]
Munster VJ, Wallensten A, Baas C, Rimmelzwaan GF, Schutten M, Olsen B, Osterhaus AD, Fouchier
RA. Mallards and highly pathogenic avian influenza ancestral viruses, northern Europe. Emerg
Infect Dis. 2005; 11:1545–1551. [PubMed: 16318694]
Muramoto Y, Noda T, Kawakami E, Akkina R, Kawaoka Y. Identification of novel influenza A virus
proteins translated from PA mRNA. J Virol. 2012
Murphy BR, Harper J, Sly DL, London WT, Miller NT, Webster RG. Evaluation of the A/Seal/Mass/
1/80 virus in squirrel monkeys. Infect Immun. 1983; 42:424–426. [PubMed: 6618672]
Nazir J, Haumacher R, Ike A, Stumpf P, Bohm R, Marschang RE. Long-term study on tenacity of avian
influenza viruses in water (distilled water, normal saline, and surface water) at different
temperatures. Avian Dis. 2010; 54:720–724. [PubMed: 20521721]
Nazir J, Haumacher R, Ike AC, Marschang RE. Persistence of avian influenza viruses in lake sediment,
duck feces, and duck meat. Appl Environ Microbiol. 2011; 77:4981–4985. [PubMed: 21622783]
Neumann G, Noda T, Kawaoka Y. Emergence and pandemic potential of swine-origin H1N1 influenza
virus. Nature. 2009; 459:931–939. [PubMed: 19525932]
Newman SH, Hill NJ, Spragens KA, Janies D, Voronkin IO, Prosser DJ, Yan B, Lei F, Batbayar N,
Natsagdorj T, Bishop CM, Butler PJ, Wikelski M, Balachandran S, Mundkur T, Douglas DC,
Takekawa JY. Eco-virological approach for assessing the role of wild birds in the spread of avian
influenza H5N1 along the Central Asian Flyway. PLoS One. 2012; 7:e30636. [PubMed: 22347393]
Ng AK, Chan WH, Choi ST, Lam MK, Lau KF, Chan PK, Au SW, Fodor E, Shaw PC. Influenza
polymerase activity correlates with the strength of interaction between nucleoprotein and PB2
through the host-specific residue K/E627. PLoS One. 2012; 7:e36415. [PubMed: 22570712]
Nicholls JM, Chan RW, Russell RJ, Air GM, Peiris JS. Evolving complexities of influenza virus and its
receptors. Trends Microbiol. 2008; 16:149–157. [PubMed: 18375125]
Nicholls, JM.; Lai, J.; Garcia, JM. Investigating the interaction between influenza and sialic acid: making
and breaking the link. In: von Itzstein, M., editor. Influenza virus sialidase - a drug discovery target,
milestones in drug therapy . Springer; Basel: 2012. p. 31-45.
Nielsen O, Clavijo A, Boughen JA. Serologic evidence of influencza A infection in marine mammals of
arctic Canada. J Wildl Dis. 2001; 37:820–827. [PubMed: 11763748]
Normile D. Avian influenza. Are wild birds to blame? Science. 2005; 310:426–428. [PubMed: 16239454]
Normile D. Avian influenza. Evidence points to migratory birds in H5N1 spread. Science. 2006;
311:1225. [PubMed: 16513949]
Runstadler et al. Page 39
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Ohishi K, Kishida N, Ninomiya A, Kida H, Takada Y, Miyazaki N, Boltunov AN, Maruyama T.
Antibodies to human related H3 influenza A virus in Baikal seals (Phoca sibirica) and ringed seals
(Phoca hispida) in Russia. Microbiol Immunol. 2004; 48:905–909. [PubMed: 15557750]
Ohishi K, Maruyama T, Ninomiya A, Kida H, Zenitani P, Bando T, Fujise Y, Nakamatsu K, Miyazaki
N, Boltunov AN. Serologic investigation of influenza A virus infection in cetaceans from the
Western North Pacific and the Southern Oceans. Mar Mamm Sci. 2006; 22:214–221.
Ohishi K, Ninomiya A, Kida H, Park CH, Maruyama T, Khuraskin LS, Miyazaki N. Serological evidence
of transmission of human influenza A and B viruses to Caspian seals (Phoca caspica). Microbiol
Immunol. 2002; 46:639–644. [PubMed: 12437032]
Ohuchi M, Ohuchi R, Feldmann A, Klenk HD. Regulation of receptor binding affinity of influenza virus
hemagglutinin by its carbohydrate moiety. J Virol. 1997; 71:8377–8384. [PubMed: 9343193]
Olsen B, Munster VJ, Wallensten A, Waldenstrom J, Osterhaus AD, Fouchier RA. Global patterns of
influenza a virus in wild birds. Science. 2006; 312:384–388. [PubMed: 16627734]
Osterhaus ADME, Rimmelzwaan GF, Martina BEE, Bestebroer TM, Fouchier RAM. Influenza B virus
in seals. Science. 2000; 288:1051–1053. [PubMed: 10807575]
Pace RMI, Afton AD. Direct recovery rates of lesser scaup banded in northwestern Minnesota: sources
of heterogeneity. J Wildl Manag. 1999; 63:389–395.
Palese, P.; Shaw, ML. Orthomyxoviridae: The viruses and their replication. In: Knipe, DM.; Howley,
PM., editors. Fields Virology. 5. Lippincott Wiliams & Wilkins; Philadelphia, PA: 2007. p.
1647-1689.
Pasick J, Berhane Y, Hooper-McGrevy K. Avian influenza: the Canadian experience. Revue Scient Tech.
2009; 28:349–358.
Pasick J, Handel K, Robinson J, Copps J, Ridd D, Hills K, Kehler H, Cottam-Birt C, Neufeld J, Berhane
Y, Czub S. Intersegmental recombination between the haemagglutinin and matrix genes was
responsible for the emergence of a highly pathogenic H7N3 avian influenza virus in British
Columbia. J Gen Virol. 2005; 86:727–731. [PubMed: 15722533]
Pearce-Duvet JMC, Gauthier-Clerc M, Jourdain E, Boulinier T. Maternal antibody transfer in yellow-
legged gulls. Emerg Infect Dis. 2009; 15:1147–1149. [PubMed: 19624950]
Pearce JM, Ramey AM, Flint PL, Koehler AV, Fleskes JP, Franson JC, Hall JS, Derkson DV, Ip HS.
Avian influenza at both ends of a migratory flyway: characterizing viral genomic diversity to
optimize surveillance plans for North America. Evol Appl. 2009; 2:457–468.
Pearce JM, Ramey AM, Ip HS, Gill RE Jr. Limited evidence of trans-hemispheric movement of avian
influenza viruses among contemporary North American shorebird isolates. Virus Res. 2010;
148:44–50. [PubMed: 19995585]
Peiris JSM, Guan Y, Markwell D, Ghose P, Webster RG, Shortridge KF. Cocirculation of avain H9N2
and contemporary “human” H3N2 influenza A viruses in pigs in Southeastern China: Potential for
genetic reassortment? J Virol. 2001; 75:9679–9686. [PubMed: 11559800]
Perez DR, Lim W, Seiler JP, Yi G, Peiris M, Shortridge KF, Webster RG. Role of quail in the interspecies
transmission of H9 influenza A viruses: molecular changes on HA that correspond to adaptation
from ducks to chickens. J Virol. 2003; 77:3148–3156. [PubMed: 12584339]
Perkins LE, Swayne DE. Susceptibility of laughing gulls (Larus atricilla) to H5N1 and H5N3 highly
pathogenic avian influenza viruses. Avian Dis. 2002; 46:877–885. [PubMed: 12495048]
Phan TG, Kapusinszky B, Wang CL, Rose RK, Lipton HL, Delwart EL. The fecal viral flora of wild
rodents. PLoS Pathog. 2011; 7:e1002218. [PubMed: 21909269]
Pillai SP, Lee CW. Species and age related differences in the type and distribution of influenza virus
receptors in different tissues of chickens, ducks and turkeys. Virol J. 2010; 7:5. [PubMed: 20067630]
Ping J, Keleta L, Forbes NE, Dankar S, Stecho W, Tyler S, Zhou Y, Babiuk L, Weingartl H, Halpin RA,
Boyne A, Bera J, Hostetler J, Fedorova NB, Proudfoot K, Katzel DA, Stockwell TB, Ghedin E,
Spiro DJ, Brown EG. Genomic and protein structural maps of adaptive evolution of human influenza
A virus to increased virulence in the mouse. PLoS One. 2011; 6:e21740. [PubMed: 21738783]
Plotkin JB, Kudla G. Synonymous but not the same: the causes and consequences of codon bias. Nat Rev
Genet. 2011; 12:32–42. [PubMed: 21102527]
Polozov IV, Bezrukov L, Gawrisch K, Zimmerberg J. Progressive ordering with decreasing temperature
of the phospholipids of influenza virus. Nat Chem Biol. 2008; 4:248–255. [PubMed: 18311130]
Runstadler et al. Page 40
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Qiao C, Liu Q, Bawa B, Shen H, Qi W, Chen Y, Mok C, Garcia-Sastre A, Richt J, Ma W. Pathogenicity
and transmissibility of reassortant H9 influenza viruses with genes from pandemic H1N1 virus. J
Gen Virol. 2012; 93:2337–2345. [PubMed: 22875253]
Ramey AM, Pearce JM, Ely CR, Sheffield Guy LM, Irons DB, Derksen DV, Ip HS. Transmission and
reassortment of avian influenza viruses at the Asian-North American interface. Virol. 2010;
406:352–359.
Ramey AM, Pearce JM, Reeves AB, Franson JC, Petersen MR, Ip HS. Evidence for limited exchange of
avian influenza viruses between seaducks and dabbling ducks at Alaska Peninsula coastal lagoons.
Arch Virol. 2011; 156:1813–1821. [PubMed: 21766196]
Ramis AJ, Riel Dv, Bildt MWGvd, Osterhaus A, Kuiken T. Influenza A and B virus attachment to
respiratory tract in marine mammals. Emerg Infect Dis. 2012; 18:817–820. [PubMed: 22516350]
Reading PC, Pickett DL, Tate MD, Whitney PG, Job ER, Brooks AG. Loss of a single N-linked glycan
from the hemagglutinin of influenza virus is associated with resistance to collectins and increased
virulence in mice. Respir Res. 2009; 10:117. [PubMed: 19930664]
Reed ML, Bridges OA, Seiler P, Kim JK, Yen HL, Salomon R, Govorkova EA, Webster RG, Russell
CJ. The pH of activation of the hemagglutinin protein regulates H5N1 influenza virus pathogenicity
and transmissibility in ducks. J Virol. 2010; 84:1527–1535. [PubMed: 19923184]
Reperant LA, Kuiken T, Osterhaus AD. Adaptive pathways of zoonotic influenza viruses: from exposure
to establishment in humans. Vaccine. 2012; 30:4419–4434. [PubMed: 22537992]
Reperant LA, Rimmelzwaan GF, Kuiken T. Avian influenza viruse s in mammals. Rev Sci Tech Oie.
2009; 28:137–159.
Roepke DC, Halvorson DA, Goyal SM, Kelleher CJ. An adsorption-elution technique for the recovery
of influenza virus from water. Avian Dis. 1989; 33:649–653. [PubMed: 2619660]
Rohani P, Breban R, Stallknecht DE, Drake JM. Environmental transmission of low pathogenicity avian
influenza viruses and its implications for pathogen invasion. Proc Nat Acad Sci U.S.A. 2009;
106:10365–10369.
Rossman JS, Lamb RA. Influenza virus assembly and budding. Virol. 2011; 411:229–236.
Russell CA, Fonville JM, Brown AE, Burke DF, Smith DL, James SL, Herfst S, van Boheemen S, Linster
M, Schrauwen EJ, Katzelnick L, Mosterin A, Kuiken T, Maher E, Neumann G, Osterhaus AD,
Kawaoka Y, Fouchier RA, Smith DJ. The potential for respiratory droplet-transmissible A/H5N1
influenza virus to evolve in a mammalian host. Science. 2012; 336:1541–1547. [PubMed:
22723414]
Russell RJ, Haire LF, Stevens DJ, Collins PJ, Lin YP, Blackburn GM, Hay AJ, Gamblin SJ, Skehel JJ.
The structure of H5N1 avian influenza neuraminidase suggests new opportunities for drug design.
Nature. 2006; 443:45–49. [PubMed: 16915235]
Saad MD, Ahmed LS, Gamal-Eldein MA, Fouda MK, Khalil F, Yingst SL, Parker MA, Montevillel MR.
Possible avian influenza (H5N1) from migratory bird, Egypt. Emerg Infect Dis. 2007; 13:1120–
1121. [PubMed: 18214200]
Salomon R, Franks J, Govorkova EA, Ilyushina NA, Yen HL, Hulse-Post DJ, Humberd J, Trichet M,
Rehg JE, Webby RJ, Webster RG, Hoffmann E. The polymerase complex genes contribute to the
high virulence of the human H5N1 influenza virus isolate A/Vietnam/1203/04. J Exp Med. 2006;
203:689–697. [PubMed: 16533883]
Scholtissek C. Stability of infectious influenza A viruses to treatment at low pH and heating. Arch Virol.
1985; 85:1–11. [PubMed: 4015405]
Sedinger JS, Herzog MP. Harvest and dynamics of duck populations. J Wildl Manag. 2012; 76:1108–
1116.
Sharp GB, Kawaoka Y, Wright SM, Turner B, Hinshaw V, Webster RG. Wild ducks are the reservoir
for only a limited number of influenza A subtypes. Epidemiol Infect. 1993; 110:161–176. [PubMed:
8381747]
Shestopalov AM, Durimanov AG, Evseenko VA, Ternovoi VA, Rassadkin YN, Razumova YV,
Zaykovskaya AV, Zolotykh SI, Netesov SV. H5N1 Influenza Virus, Domestic Birds, Western
Siberia, Russia. Emerg Infect Dis. 2006; 12:1167–1169. [PubMed: 16845780]
Runstadler et al. Page 41
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Shoham D, Jahangir A, Ruenphet S, Takehara K. Persistence of avian influenza viruses in various
artificially frozen environmental water types. Influenza Res Treat. 2012; 2012:912326. [PubMed:
23091712]
Shope RE. Swine influenza. III. Filtration experiments and etiology. J Exp Med. 1931; 54:1151–1153.
Shortridge KF, Gao P, Guan Y, Ito T, Kawaoka Y, Markwell D, Takada A, Webster RG. Interspecies
transmission of influenza viruses: H5N1 virus and a Hong Kong SAR perspective. Vet Microbiol.
2000; 74:141–147. [PubMed: 10799786]
Shortridge KF, Zhou NN, Guan Y, Gao P, Ito T, Kawaoka Y, Kodihalli S, Krauss S, Markwell D, Murti
KG, Norwood M, Senne D, Sims L, Takada A, Webster RG. Characterization of avian H5N1
influenza viruses from poultry in Hong Kong. Virol. 1998; 252:331–342.
Shriner SA, VanDalen KK, Mooers NL, Ellis JW, Sullivan HJ, Root JJ, Pelzel AM, Franklin AB. Low-
pathogenic avian influenza viruses in wild house mice. PLoS One. 2012; 7:e39206. [PubMed:
22720076]
Shu LL, Lin YP, Wright SM, Shortridge KF, Webster RG. Evidence for interspecies transmission and
reassortment of influenza A viruses in pigs in southern China. Virol. 1994; 202:825–833.
Si Y, Skidmore AK, Wang T, de Boer WF, Debba P, Toxopeus AG, Li L, Prins HH. Spatio-temporal
dynamics of global H5N1 outbreaks match bird migration patterns. Geospat Health. 2009; 4:65–
78. [PubMed: 19908191]
Siembieda J, Johnson CK, Boyce W, Sandrock C, Cardona C. Risk for avian influenza virus exposure at
human-wildlife interface. Emerg Infect Dis. 2008; 14:1151–1153. [PubMed: 18598646]
Sivanandan V, Halvorson DA, Laudert E, Senne DA, Kumar MC. Isolation of H13N2 influenza A virus
from turkeys and surface water. Avian Dis. 1991; 35:974–977. [PubMed: 1838479]
Skehel JJ, Wiley DC. Receptor binding and membrane fusion in virus entry: the influenza hemagglutinin.
Annu Rev Biochem. 2000; 69:531–569. [PubMed: 10966468]
Slemons RD, Johnson DC, Osborn JS, Hayes F. Type-A influenza viruses isolated from wild free-flying
ducks in California. Avian Dis. 1974; 18:119–124. [PubMed: 4205344]
Smith GJ, Bahl J, Vijaykrishna D, Zhang J, Poon LL, Chen H, Webster RG, Peiris JS, Guan Y. Dating
the emergence of pandemic influenza viruses. Proc Natl Acad Sci U.S.A. 2009; 106:11709–11712.
[PubMed: 19597152]
Song J, Feng H, Xu J, Zhao D, Shi J, Li Y, Deng G, Jiang Y, Li X, Zhu P, Guan Y, Bu Z, Kawaoka Y,
Chen H. The PA protein directly contributes to the virulence of H5N1 avian influenza viruses in
domestic ducks. J Virol. 2011; 85:2180–2188. [PubMed: 21177821]
Song MS, Pascua PN, Lee JH, Baek YH, Lee OJ, Kim CJ, Kim H, Webby RJ, Webster RG, Choi YK.
The polymerase acidic protein gene of influenza a virus contributes to pathogenicity in a mouse
model. J Virol. 2009; 83:12325–12335. [PubMed: 19793828]
Sorrell EM, Perez DR. Adaptation of influenza A/Mallard/Potsdam/178-4/83 H2N2 virus in Japanese
quail leads to infection and transmission in chickens. Avian Dis. 2007; 51:264–268. [PubMed:
17494563]
Sorrell EM, Song H, Pena L, Perez DR. A 27-amino-acid deletion in the neuraminidase stalk supports
replication of an avian H2N2 influenza A virus in the respiratory tract of chickens. J Virol. 2010;
84:11831–11840. [PubMed: 20826691]
Sorrell EM, Wan H, Araya Y, Song H, Perez DR. Minimal molecular constraints for respiratory droplet
transmission of an avian-human H9N2 influenza A virus. Proc Natl Acad Sci U.S.A. 2009;
106:7565–7570. [PubMed: 19380727]
Stallknecht DE, Goekjian VH, Wilcox BR, Poulson RL, Brown JD. Avian influenza virus in aquatic
habitats: what do we need to learn? Avian Dis. 2010; 54:461–465. [PubMed: 20521680]
Stallknecht DE, Kearney MT, Shane SM, Zwank PJ. Effects of pH, temperature, and salinity on
persistence of avian influenza viruses in water. Avian Dis. 1990a; 34:412–418. [PubMed: 2142421]
Stallknecht DE, Shane SM, Kearney MT, Zwank PJ. Persistence of avian influenza viruses in water.
Avian Dis. 1990b; 34:406–411. [PubMed: 2142420]
Stech O, Veits J, Weber S, Deckers D, Schroer D, Vahlenkamp TW, Breithaupt A, Teifke J, Mettenleiter
TC, Stech J. Acquisition of a polybasic hemagglutinin cleavage site by a low-pathogenic avian
influenza virus is not sufficient for immediate transformation into a highly pathogenic strain. J Virol.
2009; 83:5864–5868. [PubMed: 19297482]
Runstadler et al. Page 42
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Steel J, Lowen AC, Mubareka S, Palese P. Transmission of influenza virus in a mammalian host is
increased by PB2 amino acids 627K or 627E/701N. PLoS Pathog. 2009; 5:e1000252. [PubMed:
19119420]
Stegmann T, Booy FP, Wilschut J. Effects of low pH on influenza virus. Activation and inactivation of
the membrane fusion capacity of the hemagglutinin. J Biol Chem. 1987; 262:17744–17749.
[PubMed: 3693369]
Stevens J, Blixt O, Glaser L, Taubenberger JK, Palese P, Paulson JC, Wilson IA. Glycan microarray
analysis of the hemagglutinins from modern and pandemic influenza viruses reveals different
receptor specificities. J Mol Biol. 2006a; 355:1143–1155. [PubMed: 16343533]
Stevens J, Blixt O, Paulson JC, Wilson IA. Glycan microarray technologies: tools to survey host
specificity of influenza viruses. Nat Rev Microbiol. 2006b; 4:857–864. [PubMed: 17013397]
Stevens J, Blixt O, Tumpey TM, Taubenberger JK, Paulson JC, Wilson IA. Structure and receptor
specificity of the hemagglutinin from an H5N1 influenza virus. Science. 2006c; 312:404–410.
[PubMed: 16543414]
Stuen S, Hsve P, Osterhaus ME, Arnemo JM, Mousgaard A. Serological investigation of virus imfection
in harp seals (Phoca groenlandica) and hooded seals (Cystophora cristata). Vet Rec. 1994;
134:502–503. [PubMed: 8073595]
Sturm-Ramirez KM, Ellis T, Bousfield B, Bissett L, Dyrting K, Rehg JE, Poon L, Guan Y, Peiris M,
Webster RG. Reemerging H5N1 influenza viruses in Hong Kong in 2002 are highly pathogenic to
ducks. J Virol. 2004; 78:4892–4901. [PubMed: 15078970]
Sturm-Ramirez KM, Hulse-Post DJ, Govorkova EA, Humberd J, Seiler P, Puthavathana P, Buranathai
C, Nguyen TD, Chaisingh A, Long HT, Naipospos TS, Chen H, Ellis TM, Guan Y, Peiris JS,
Webster RG. Are ducks contributing to the endemicity of highly pathogenic H5N1 influenza virus
in Asia? J Virol. 2005; 79:11269–11279. [PubMed: 16103179]
Subbarao EK, London W, Murphy BR. A single amino acid in the PB2 gene of influenza A virus is a
determinant of host range. J Virol. 1993; 67:1761–1764. [PubMed: 8445709]
Sun X, Whittaker GR. Role for influenza virus envelope cholesterol in virus entry and infection. J Virol.
2003; 77:12543–12551. [PubMed: 14610177]
Sun Y, Qin K, Wang J, Pu J, Tang Q, Hu Y, Bi Y, Zhao X, Yang H, Shu Y, Liu J. High genetic
compatibility and increased pathogenicity of reassortants derived from avian H9N2 and pandemic
H1N1/2009 influenza viruses. Proc Natl Acad Sci U.S.A. 2011; 108:4164–4169. [PubMed:
21368167]
Suzuki Y, Ito T, Suzuki T, Holland RE Jr, Chambers TM, Kiso M, Ishida H, Kawaoka Y. Sialic acid
species as a determinant of the host range of influenza A viruses. J Virol. 2000; 74:11825–11831.
[PubMed: 11090182]
Takeda M, Leser GP, Russell CJ, Lamb RA. Influenza virus hemagglutinin concentrates in lipid raft
microdomains for efficient viral fusion. Proc Natl Acad Sci U.S.A. 2003; 100:14610–14617.
[PubMed: 14561897]
Tamuri AU, Dos Reis M, Hay AJ, Goldstein RA. Identifying changes in selective constraints: host shifts
in influenza. PLoS Comput Biol. 2009; 5:e1000564. [PubMed: 19911053]
Taubenberger JK, Kash JC. Influenza virus evolution, host adaptation, and pandemic formation. Cell
Host Microbe. 2010; 7:440–451. [PubMed: 20542248]
Taubenberger JK, Morens DM. 1918 Influenza: the mother of all pandemics. Emerg Infect Dis. 2006;
12:15–22. [PubMed: 16494711]
Taubenberger JK, Morens DM. Pandemic influenza–including a risk assessment of H5N1. Rev Sci Tech.
2009; 28:187–202. [PubMed: 19618626]
Tella JL, Scheuerlein A, Ricklefs RE. Is cell-mediated immunity related to the evolution of life-history
strategies in birds? Proc Biol Sci Royal Soc. 2002; 269:1059–1066.
Toennessen R, Germundsson A, Jonassen CM, Haugen I, Berg K, Barrett RT, Rimstad E. Virological
and serological surveillance for type A influenza in the black-legged kittiwake (Rissa tridactyla).
Virol J. 2011; 8:21. [PubMed: 21241499]
Tong S, Li Y, Rivailler P, Conrardy C, Castillo DA, Chen LM, Recuenco S, Ellison JA, Davis CT, York
IA, Turmelle AS, Moran D, Rogers S, Shi M, Tao Y, Weil MR, Tang K, Rowe LA, Sammons S,
Xu X, Frace M, Lindblade KA, Cox NJ, Anderson LJ, Rupprecht CE, Donis RO. A distinct lineage
Runstadler et al. Page 43
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
of influenza A virus from bats. Proc Natl Acad Sci U.S.A. 2012; 109:4269–4274. [PubMed:
22371588]
van Gils JA, Munster VJ, Radersma R, Liefhebber D, Fouchier RA, Klaassen M. Hampered foraging and
migratory performance in swans infected with low-pathogenic avian influenza A virus. PLoS One.
2007; 2:e184. [PubMed: 17264886]
Veit M, Thaa B. Association of influenza virus proteins with membrane rafts. Advanc Virol. 2011;
2011:370606.
Vigerust DJ, Ulett KB, Boyd KL, Madsen J, Hawgood S, McCullers JA. N-linked glycosylation attenuates
H3N2 influenza viruses. J Virol. 2007; 81:8593–8600. [PubMed: 17553891]
Viswanathan K, Chandrasekaran A, Srinivasan A, Raman R, Sasisekharan V, Sasisekharan R. Glycans
as receptors for influenza pathogenesis. Glycoconj J. 2010; 27:561–570. [PubMed: 20734133]
Vong S, Ly S, Van Kerkhove MD, Achenbach J, Holl D, Buchy P, Sorn S, Seng H, Uyeki TM, Sok T,
Katz JM. Risk factors associated with subclinical human infection with avian influenza A (H5N1)
virus–Cambodia, 2006. J Infect Dis. 2009; 199:1744–1752. [PubMed: 19416078]
Wagner R, Heuer D, Wolff T, Herwig A, Klenk HD. N-Glycans attached to the stem domain of
haemagglutinin efficiently regulate influenza A virus replication. J Gen Virol. 2002; 83:601–609.
[PubMed: 11842255]
Wagner R, Wolff T, Herwig A, Pleschka S, Klenk HD. Interdependence of hemagglutinin glycosylation
and neuraminidase as regulators of influenza virus growth: a study by reverse genetics. J Virol.
2000; 74:6316–6323. [PubMed: 10864641]
Wallensten A, Munster VJ, Latorre-Margalef N, Brytting M, Elmberg J, Fouchier RAM, Fransson T,
Haemig PD, Karlsson M, Lundkvist A, Osterhaus ADME, Stervander M, Waldenstrom J, Olsen B.
Surveillance of influenza A virus in migratory waterfowl in Northern Europe. Emerg Infect Dis.
2007; 13:404–411. [PubMed: 17552093]
Wan H, Perez DR. Quail carry sialic acid receptors compatible with binding of avian and human influenza
viruses. Virol. 2006; 346:278–286.
Wan H, Perez DR. Amino acid 226 in the hemagglutinin of H9N2 influenza viruses determines cell
tropism and replication in human airway epithelial cells. J Virol. 2007; 81:5181–5191. [PubMed:
17344280]
Wan H, Sorrell EM, Song H, Hossain MJ, Ramirez-Nieto G, Monne I, Stevens J, Cattoli G, Capua I,
Chen LM, Donis RO, Busch J, Paulson JC, Brockwell C, Webby R, Blanco J, Al-Natour MQ, Perez
DR. Replication and transmission of H9N2 influenza viruses in ferrets: evaluation of pandemic
potential. PLoS One. 2008; 3:e2923. [PubMed: 18698430]
Wang B, Chen Q, Chen Z. Complete Genome Sequence of an H9N2 Avian Influenza Virus Isolated from
Egret in Lake Dongting Wetland. J Virol. 2012a; 86:11939. [PubMed: 23043171]
Wang J, Sun Y, Xu Q, Tan Y, Pu J, Yang H, Brown EG, Liu J. Mouse-adapted H9N2 influenza A virus
PB2 protein M147L and E627K mutations are critical for high virulence. PLoS One. 2012b;
7:e40752. [PubMed: 22808250]
Wang R, Soll L, Dugan V, Runstadler J, Happ G, Slemons RD, Taubenberger JK. Examining the
hemagglutinin subtype diversity among wild duck-origin influenza A viruses using ethanol-fixed
cloacal swabs and a novel RT-PCR method. Virol. 2008; 375:182–189.
Wang W, Lu B, Zhou H, Suguitan AL Jr, Cheng X, Subbarao K, Kemble G, Jin H. Glycosylation at 158N
of the hemagglutinin protein and receptor binding specificity synergistically affect the antigenicity
and immunogenicity of a live attenuated H5N1 A/Vietnam/1203/2004 vaccine virus in ferrets. J
Virol. 2010; 84:6570–6577. [PubMed: 20427525]
Webby RJ, Webster RG. Emergence of influenza A viruses. Philos Trans R Soc Lond B Biol Sci. 2001;
356:1817–1828. [PubMed: 11779380]
Webster RG. Conjunctivitis in human beings caused by influenza A virus of seals. New England J Med.
1981; 304:911. [PubMed: 7207529]
Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and ecology of influenza A
viruses. Microbiol Rev. 1992; 56:152–179. [PubMed: 1579108]
Webster RG, Hinshaw VS, Bean WJ, Wyke KLV, Geraci JR, Aubin DJS, Petursson G. Characteriszation
of an influenza A virus from seals. Virol. 1981; 113:712–724.
Runstadler et al. Page 44
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Webster RG, Yakhno M, Hinshaw VS, Bean WJ, Murti KG. Intestinal influenza: replication and
characterization of influenza viruses in ducks. Virol. 1978; 84:268–278.
WHO. Review of latest available evidence on potential transmission of avian influenza (H5N1) through
water and sewage and ways to reduce the risks to human health. 2007.
Widjaja L, Krauss SL, Webby RJ, Xie T, Webster RG. Matrix gene of influenza a viruses isolated from
wild aquatic birds: ecology and emergence of influenza a viruses. J Virol. 2004; 78:8771–8779.
[PubMed: 15280485]
Wilks S, de Graaf M, Smith DJ, Burke DF. A review of influenza haemagglutinin receptor binding as it
relates to pandemic properties. Vaccine. 2012; 30:4369–4376. [PubMed: 22682293]
Wille M, Robertson GJ, Whitney H, Bishop MA, Runstadler JA, Lang AS. Extensive geographic
mosaicism in avian influenza viruses from gulls in the northern hemisphere. PLoS One. 2011a;
6:e20664. [PubMed: 21697989]
Wille M, Robertson GJ, Whitney H, Ojkic D, Lang AS. Reassortment of American and Eurasian genes
in an influenza A virus isolated from a great black-backed gull (Larus marinus), a species
demonstrated to move between these regions. Arch Virol. 2011b; 156:107–115. [PubMed:
21053031]
Winker K, Gibson DD. The Asia-to-America influx of avian influenza wild bird hosts is large. Avian
Dis. 2010; 54:477–482. [PubMed: 20521682]
Winker K, Spackman E, Swayne DE. Rarity of influenza A virus in spring shorebirds, southern Alaska.
Emerg Infect Dis. 2008; 14:1314–1316. [PubMed: 18680667]
Wong EH, Smith DK, Rabadan R, Peiris M, Poon LL. Codon usage bias and the evolution of influenza
A viruses. Codon Usage Biases of Influenza Virus. BMC Evol Biol. 2010; 10:253. [PubMed:
20723216]
Wright, PF.; Neumann, G.; Kawaoka, Y. Orthomyxoviruses. In: Knipe, DM.; Howley, PM., editors.
Fields Virology. 5. Lippincott Williams & Wilkins; Philadelphia, PA: 2007. p. 1690-1740.
Xu KM, Smith GJ, Bahl J, Duan L, Tai H, Vijaykrishna D, Wang J, Zhang JX, Li KS, Fan XH, Webster
RG, Chen H, Peiris JS, Guan Y. The genesis and evolution of H9N2 influenza viruses in poultry
from southern China, 2000 to 2005. J Virol. 2007; 81:10389–10401. [PubMed: 17652402]
Xu R, Zhu X, McBride R, Nycholat CM, Yu W, Paulson JC, Wilson IA. Functional balance of the
hemagglutinin and neuraminidase activities accompanies the emergence of the 2009 H1N1
influenza pandemic. J Virol. 2012; 86:9221–9232. [PubMed: 22718832]
Yamada S, Hatta M, Staker BL, Watanabe S, Imai M, Shinya K, Sakai-Tagawa Y, Ito M, Ozawa M,
Watanabe T, Sakabe S, Li C, Kim JH, Myler PJ, Phan I, Raymond A, Smith E, Stacy R, Nidom
CA, Lank SM, Wiseman RW, Bimber BN, O’Connor DH, Neumann G, Stewart LJ, Kawaoka Y.
Biological and structural characterization of a host-adapting amino acid in influenza virus. PLoS
Pathog. 2010; 6:e1001034. [PubMed: 20700447]
Yamada S, Suzuki Y, Suzuki T, Le MQ, Nidom CA, Sakai-Tagawa Y, Muramoto Y, Ito M, Kiso M,
Horimoto T, Shinya K, Sawada T, Kiso M, Usui T, Murata T, Lin Y, Hay A, Haire LF, Stevens DJ,
Russell RJ, Gamblin SJ, Skehel JJ, Kawaoka Y. Haemagglutinin muta tions responsible for the
binding of H5N1 influenza A viruses to human-type receptors. Nature. 2006; 444:378–382.
[PubMed: 17108965]
Yamnikova SS, Gambaryan AS, Tuzikov AB, Bovin NV, Matrosovich MN, Fedyakina IT, Grinev AA,
Blinov VM, Lvov DK, Suarez DL, Swayne DE. Differences between HA receptor-binding sites of
avian influenza viruses isolated from Laridae and Anatidae. Avian Dis. 2003; 47:1164–1168.
[PubMed: 14575135]
Yen HL, Liang CH, Wu CY, Forrest HL, Ferguson A, Choy KT, Jones J, Wong DD, Cheung PP, Hsu
CH, Li OT, Yuen KM, Chan RW, Poon LL, Chan MC, Nicholls JM, Krauss S, Wong CH, Guan
Y, Webster RG, Webby RJ, Peiris M. Hemagglutinin-neuraminidase balance confers respiratory-
droplet transmissibility of the pandemic H1N1 influenza virus in ferrets. Proc Natl Acad Sci U.S.A.
2011; 108:14264–14269. [PubMed: 21825167]
Yu JE, Yoon H, Lee HJ, Lee JH, Chang BJ, Song CS, Nahm SS. Expression patterns of influenza virus
receptors in the respiratory tracts of four species of poultry. J Vet Sci. 2011; 12:7–13. [PubMed:
21368557]
Runstadler et al. Page 45
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Zhang H, Xu B, Chen Q, Chen J, Chen Z. Characterization of an H10N8 influenza virus isolated from
Dongting lake wetland. Virol J. 2011a; 8:42. [PubMed: 21272297]
Zhang H, Xu B, Chen Q, Chen Z. Characterization of H9N2 influenza viruses isolated from Dongting
Lake wetland in 2007. Arch Virol. 2011b; 156:95–105. [PubMed: 21053033]
Zhou J, Sun W, Wang J, Guo J, Yin W, Wu N, Li L, Yan Y, Liao M, Huang Y, Luo K, Jiang X, Chen
H. Characterization of the H5N1 highly pathogenic avian influenza virus derived from wild pikas
in China. J Virol. 2009; 83:8957–8964. [PubMed: 19553321]
zu Dohna H, Li J, Cardona CJ, Miller J, Carpenter TE. Invasions by Eurasian avian influenza virus H6
genes and replacement of the virus’ North American clade. Emerg Infect Dis. 2009; 15:1040–1045.
[PubMed: 19624918]
Runstadler et al. Page 46
Infect Genet Evol. Author manuscript; available in PMC 2014 July 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Highlights – Influenza review (Runstadler, Hill, Hussein, Puryear, and Keogh)
• We review the literature in influenza research to explore how the study of wild
influenza is connected to concerns for human disease.
• We point to what we think are the most important gaps left in studies to date in
wild bird, mammal, and environmental influenza surveillance.
• We review work that has defined what the most important adaptations are in the/
potential emergence of avian influenza viruses as pandemic viruses.
• Additional emphasis is placed on the molecular determinants that govern
interspecies movements of virus and their potential importance in the generation
of pandemic strains capable of entering the human population.
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Figure 1.
Surveillance effort targeted towards wild birds. Anseriformes (ducks, geese, swans: green) and
Charadriiformes (shorebirds, gulls, auks: blue) account for almost all samples from wild bird
orders collected in North America and Europe. Data are based on number of samples (positive,
negative & untested) deposited in Influenza Research Database at 20 September, 2012 (n =
152,312). Other sampled wild bird orders include: Ciconiiformes (storks, herons, egrets),
Columbiiformes (doves, pigeons), Coraciiformes (kingfishers, bee-eaters, rollers, hornbills),
Cuculiformes (cuckoos, roadrunners, Gruiformes (cranes, rails), Sphenisciformes (penguins),
Passeriformes (perching birds), Pelicaniformes (pelicans), Piciformes (woodpeckers),
Procellariiformes (albatrosses, shearwaters, petrels), Sphenisciformes (penguins).
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Figure 2.
Detection of IAV from environmental sources. Data represent counts of the thirteen
hemagglutinin (HA) subtypes detected. Data are sourced from reports of environmental
detection published in the literature and sequences available on Genbank.
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Figure 3.
Geographic distribution of IAV detected from the environment spans biomes and migratory
flyways of wild birds. Sampling sites are indicated by a white circle.
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Figure 4.
Genomic segments involved in enhanced virulence and/or host switching. Segments carrying
mutations that have been shown experimentally to be involved in such phenotypic changes are
highlighted in solid black and discussed within the text. Most of the mutations recorded in
viruses isolated from wild birds are related to spill over events of HPAI H5N1 from domestic
birds. The fact that 6 segments are involved in mammalian adaptation reflects the complexity
of this process and the bias towards studying IAV that switches to mammals.
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Figure 5.
Sample types from Anatidae (ducks, swans, geese) and Laridae (gulls, terns, kittiwakes)
collected during global surveillance. Data are based on number of samples (positive, negative
& untested) deposited in the Influenza Research Database at 20 September, 2012.
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